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DIRECTIONS FOR MAGNETIC MEASUREMENTS 


INTRODUCTION 

The second edition of Directions for Magnetic Measurements, 
printed m 1921, having been exhausted, this third edition has been 
prepared to meet the continued demand While the title is some- 
what misleading, since the directions cover only measurements of 
terrestrial magnetism, it has been adopted T for the sake of brevity 
The genemiscope of the publication has been changed to the extent 
that detailed directions for the operation of a magnetic observatory 
h$ye been omitted, since a separate manual on that subject is being 
prepared by H E McComb General information regarding the 
work of an observatory is given and the chapter on earthquakes and 
seismographs has been retamed Some sections have been modified 
as the result of accumulated experience or to bring the subject matter 
up to date In this connection, helpful suggestions have been re- 
ceived from the department of terrestrial magnetism of the Carnegie 
Institution of Washington and from various officers of the Coast and 
Geodetic Survey. i 

^ , The is intended primarily as a manual for the guidance 

m Officers of this bureau doing work in terrestrial magnetism, and 
the endeavor has been to present the subject matter m such form 
that an observer familiar with the use of instruments of precision, 
but without experience m magnetic work, may be able to make m a 
satisfactory manner the various observations incident to the deter- 
mination of the magnetic elements without other assistance than 
that to be obtamed from these directions 
As this manual is being used by the observers of the department of 
terrestrial magnetism, whose work carries them to all parts of the 
globe, and also by observers m widely distributed foreign countries, 
it has seemed advisable to modify somewhat the development of 
and methods, particularly those referring to astronomical 
obs&ryatiojis, so as to make them applicable to this wider use The 
cooperation of Harlan W* Fisk, of the department of terrestrial mag- 
netism, has been of very great help in this as in other parts of the 
work, because of his wide knowledge of the difficulties and needs of 
the observers of that organization and those cooperating with it* 

In order that the observer may have a better understanding of 
what he is doing and why he is doing it, the principles mvolved have 
ibeen explained in some detail, particularly as regards points which 
are not readily accessible m standard books of reference The sub- 
ject has been treated under the following general headings . 

. Theory of magnetic measurements, including Some of the more 
important facts about magnets and the earth’s magnetism and the 
methods employed for determining mstrumental constants. 

X 
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Directions for observations on land 
Directions for observations at sea 
The operation of a magnetic observatory 
Earthquakes 

At the end are given tables to facilitate the various computations 
mvolved 
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THEORY OF MAGNETIC MEASUREMENTS 
PROPERTIES OF MAGNETS 

A piece of iron or steel which has the property of attracting iron or 
steel is called a magnet Lodestone, or magnetic oxide of iron, 
possesses this property m nature and is, therefore, called a natural 
magnet Artificial magnets may be made out of other forms of iron 
by subjecting them to suitable treatment There are other so-called 
magnetic bodies, such as nickel and cobalt, which are attracted m 
lesser degree by a magnet and which are susceptible of magnetization. 

A magnet which loses its magnetic properties as soon as the mag- 
netizing force is removed is called a temporary magnet; one which - 
retains its magnetism indefinitely is called a permanent magnet 
Soft iron magnets are m the former class, steel magnets m the latter 

It will be found by trial that there are two places m a magnet, one 
near each end, at which the attraction is greatest, and that there is 
a neutral line near the middle where the attraction becomes zero. 
For most purposes the attractive force of a magnet may be considered 
as concentrated at two points, one m each region of maximum attrac- 
tion These points are called the poles of the magnet and the line 
joining them is its magnetic axis A magnet suspended with its axis 
honzontai and free to turn about a vertical axis wifi take up a definite 
direction, approximately north and south. The pole near the north- 
M called the north pole , the one near the south-seeking 
end the south pole 

If the north pole of another magnet be brought near to the north 
pole of the suspended magnet it will be repelled, if it be brought near 
the south pole it will be attracted, that is, like poles repel , unUke poles 
attract each other 

The attraction or repulsion between a pole of one magnet and a 
pole of another magnet is directly proportional to the strength of the 
poles and inversely proportional to the square of the distance between 
them A magnetic pole of unit strength is one which attracts or 
repels an equal pole at a unit distance with a unit force 

The space surrounding a magnet through which its influence 
’'•PII its magnetic field. At every point in the field the 

magnew* force esmrted by the magnet has a definite strength and 
direction 

The magnetic moment of a magnet is its pole strength multiplied 
by the distance between the poles. If m be the pole stre ng th and 
2 1 the distance between the poles, then* 

Magnetic moment = 2lm 

This corresponds to the turmng moment of the magnet when it is 
suspended at its center with its magnetic axis at right angles to the 
hues of force of a field of unit strength, the two poles of strength m 
each operating at the distance l from the point of support, 

A magnet is usually made bv placing a bar of iron or steel in ft 
cylindrical coil of wire (solenoid) and passing a current of electricity 

5 



6 DIRECTIONS FOR MAGNETIC MEASUREMENTS 

through the wire The followihg method may also be used If the 
north end of a magnet be placed in contact with one end of a bar of 
steel and moved along to the other end, it will be found that the steel 
has been magnetized, the south pole being at the end last touched by 
the north end of the magnet Better results may be obtained by the 
use of two magnets, as explained on page 74 In either case the 
process by which the iron or steel becomes magnetized is called 
magnetic induction 

If a piece of soft iron be placed in contact with, or near, one pole 
of a magnet, it will become magnetized and acquire the property of 
attracting other iron When the magnet is removed, however, the 
iron will lose , this property The end of the piece of iron nearer the 
magnet acquires opposite polarity to that end of the magnet 

Magnetic induction also takes place when two magnets are brought 
near each other If the ends of like polarity are near each other, 
each tries to make an opposite pole out of the other, and this results 
in a decrease in the strength of magnetization, but if ends of unlike 
polarity are near each other the tendency is to increase the mag- 
netization The magnets, however, are much less susceptible to 
change of magnetization than soft iron and the effect of induction is 
snail 

We now see that the attraction of a magnet for a piece of soft iron 
or other magnetic body follows the same law that applies to the action 
between two magnets Like poles repel, unlike poles attract When a 
magneto body is brought near the north pole of a magnet, the part 
nearest the magnet becomes a south pole by induction and is attracted 
by it. The part farthest away from the magnet becomes a north 
pole by induction and is repelled by the north pole of the magnet 
As the former is nearer the magnet than the latter, the resultant 
effect is an attraction In the same way when a magnetic body is 
brought near the south pole of a magnet the part nearest the magnet 
becomes a north pole by induction and is attracted as before; thatis^ 
mdmtion precedes attraction 

A piece of iron in the earth’s magnetic field may become mag- 
netized by induction m the same way as when placed m the field of 
a magnet This fact is of the greatest importance to navigation in 
modem ships, since the iron which enters so largely into their con- 
struction becomes magnetized by induction ana has a disturbmg 
effect on the compass The steel becomes more or less permanently 
magnetized but the soft iron changes its magnetism with every change 
ih toe heading of the ship and the effect on the compass changes 
accordingly 

It ife found that magnets gradually lose their magnetism with time, 
but at a diminishing rate Magnets are usually made of a special 
pads of steel, which has a high degree of reteniavity, and the rate of 
loss is small if proper care is taken m using them. The fohowing 
points especially should be borne m mind 

1 As shown above, when like poles of two magnets are brought 
together they tend to weaken each other Only unlik e polos, there- 
fore, should be allowed to approach each other In the case of the 
bar magnets of a dip circle, they are packed side by side with unlike 
poles adjacent and joined by short bars of soft iron 

2 Bough usage A magnet subjected to a shock, as from a fall 
on a hard surface, will usually be weakened. If not tightly packed. 
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THE EARTH’S MAGNETISM 7 

for shipment the same result may follow, because of the repeated 
jam to which it is subjected 

A. magnet loses strength when heated, but regains it when cooled 
again, provided it was not raised to too high a temperature A 
magnet heated red hot loses its magnetism and does not regain it 
when cooled 

THE EARTH’S MAGNETISM 

INTRODUCTION 

Whether the earth is a great magnet or simply acts as a magnet 
as the result of electric currents flowing about it, in either case it 
is surrounded by a magnetic field, and the measurement of the earth’s 
magnetism at any place consists m determining the direction and 
intensity of that field 

A magnet suspended in such a way as to be free to turn about its 
center of gravity would take a position with its magnetic axis tangent 
to the lines of force of the earth’s magnetic field As it is practically 
impossible to suspend a magnet m that way, it is usual to determine 
the direction of the earth’s magnetic field by means of two magnets, 
one constrained to turn about a vertical axis and the other about a 
horizontal axis 

MAGNETIC ELEMENTS 

The magnetic mendian at any place is the vertical plane defined by 
the direction of the hues of force at that place 

The wmg’itoc dJSclinatAon, D, is the angle between the astronomic 
meridian tod the magnetic mendian and is considered east (positive) 
or West (negative) according as the magnetic meridian is east or west 
of true north Decimation is often called variation of the compass 
or simply variation 

The dip or inclination, I, is the angle which the lines of force make 
with the horizontal plane 

Instead of measuring the total intensity, F, of the earth’s magnetic 
field, it is usually more convement to measure its horizontal com- 
ponent, H These three quantities, declination, dip, and horizontal 
intensity, are usually spoken of as the magnetic elements and from 
them the total intensity and its components m the three coor dina te 
fdanes may be computed by means of the simple formulas. 

F** El sec I T=H sin D 

AT= H cos D Z=H tan I 

X and Y being the components in the horizontal plane, X directed 
north (+) or south (-) and Y directed east ( + ) or west (-), and 
Z bemg the component directed vertically downward 

At an observatory it is usual to measure the variations of D, H, 
tod Z directly The variations of X, Y, F, and I may be found in 
terms of the variations of D, H, and Z by differentiating the above 
formulas and ma.kmg certain substitutions 

, AX = cos D AH— II sm D sm 1' AD 

AF— sm D AH+H cos D sm 1' AD 
, AF^cosI AH+smI AZ 

haz-zah 

M ~W sec 2 1 sin l’’ 


I 
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The introduction of the factor sm 1' is required because A D and 
A I are expressed in minutes of arc For a particular place mean 
values of D, H, Z, and I may be substituted m the formulas and the 
second members will then contain only numerical factors and the 
variables AD, AH, and A Z East declination is considered positive 
and west decimation negative, and this should be borne m mind 
when computing the numerical factors 

It is sometimes desirable to know the intensity of a field at right 
angles to the magnetic meridian corresponding to a small change of 
declination This may be found by makmg D=0 in the formula 
for AT AT=H sm l'AD 

UNITS OP MEASURE OF INTENSITY 

The intensity of a magnetic field is the force which a unit pole 
would experience when placed m it A unit pole is one which repels 
an equal pole at unit distance with unit force 
At the present time almost all measurements of the mtensity of the 
earth’s magnetic field are made in terms of the C G S system, in 
which the fundamental units are the centimeter, the gram, and the 
second The unit force in this system is the dyne and the unit of 
magnetic mtensity is the gauss As the intensity of the earth’s mag- 
netic field is less than 1 gauss, it is frequently more convenient to 
express results of measures of its mtensity m gammas (1 gauss equals 
100,0(30 gammas) If a magnetic pole of strength m be placed in a 
magnetic field of intensity H gauss, then the field exerts a force of 
mU dynes on the pole 

Before the metric system came into general use it was customary in 
English-speaking countries to use the British system of units, based 
on tire foot, tile grain, and the second. To convert measures of in- 
tensity expressed in British units into their equivalents in the C G S. 
_ system, they must be multiplied by fhfe factor 0.046108 (logarithm « 
A 8.66378). 

DISTRIBUTION OP THE EABTH’S MAGNETISM 

The magnetic poles of the earth are those points on its surface at 
which the dip needle stands vertical and toward which the compass 
needle points throughout the adjacent region. The north magnetic 
pole is approximately in latitude 71° N and longitude 96° W), and 
, the south magnetic pole in latitude 73° S and longitude 156° E. 
It must be borne in mind that these magnetic poles have not the 
characteristics of the poles of a bar magnet If they had, there 
should be an enormous increase in the total mtensity when approach- 
1 ing the poles, which ip not the case. They are not ai^’^' ; ^in,ts 
of maximum mtensity. The earth acts like a great spherical magnet ; 
that is, a bar magnet at its center which would produce the effects 
* observed at the surface would have its poles practically coincident. , 

, If the eirtii were uniformly magnetized, its magnetic poles would 
be at the opposite extremities of a diameter, the magnetic meridians 
would be arcs of great circles, and a comparatively small number of 
observations would suffice to determine the distribution of mag- 
netism over its surface. As a matter of fact, according to Bauer, 
only about two-thirds of the earth’s magnetism con be represented 
by a uniform magnetization and the distribution of the remainder is 
very irregular, representing the resultant effect of irregularities which 
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are coattoeataL regional, or purely local in extent Probably the 
most remarkable example of a regional disturbance is the ono in the 
ProTinoe of Kursk, Russia, of which a detailed study has been made. 
In the vicinity of Juneau, Alaska, there is a heal disturbance of suffi- 
cient intensity to produce a local magnetic polo, where the dip needle 
stands vortical and there is no horizontal component of the earth’s 
held to direct the compass noodle. 

It is usual to represent the distribution of the earth’s magnetism 
graphically by means of woqonic, isodinic, and iso-dynamic charts, 
on which are shown lines of equal declination, equal inclination, or 
equal intensity. For the construction of such charts many observa- 
tions are required in order that the irregular distribution may be 
represented properly, and it is the usual experience that the addition 
of new observations brings out new irregularities. Inasmuch as the 
earth’s magnetism is undergoing constant change, its distribution is 
different for different epochs, and a knowledge of the amount of 
change from one year to another is necessary before the results of 
observations made at different times can be reduced to the year for 
which it is desired to construct an iso-magnetic chart. 


VARIATIONS OF THIS EARTH'S MAGNETISM 


The continual change to which the earth’s magnetism is subject 
has been analyzed in various ways and shown to be the resultant 
effect of several more or less systematic variations combined with 
irregular disturbances, which from time to time attain considerable 
magnitude, constituting what are known as magnetic dorms. These 
‘'storms” occur at irregular intervals and may last only a feiv hours 
or several days and sometimes attain an intensity sufficient to pro- 
duce a rango of 1° or 2° in declination and of 2 or 3 per cent in the 
horizontal intensity They usually occur almost simultaneously over 
the entire suifaco of the globe, and often accompany auroral displays 
and the appearance of largo spots on the sun. The occurrence of a 
storm during observations can usually be detected by the erratic 
behavior of the magnet or needle, and calls for a repetition of the 
observations after the storm has subsided. 

Of the systematic variations the largest and most Important is the 
secular mmatum, so called because It requires centuries for its full 
development. While magnetic observations as yet do not cover a 
term of years to warrant a definite conclusion, yet 
the evMiffljeU |s strong that at least for the direction of the earth’s 
held the secular variation is of a periodic character. At any rate, 
tho change with lapse of time does not go on indefinitely in one 
direction. Eventually a turning point is reached. In the ease of 
the declination, numerous series of observations are available which 
are of sufficient extent to include one and in some oases probably 
two such turning points Tables showing the secular change of the 
magnetic elements in the United States since 1845 will be found on 
pages 81 to 88 of the United States Magnetic Tables and Magnetic 
Charts for 1025. 


Of the periodic variations having for periods a year, a Solar dai 
, wad a lunar day, the only one of sufficient magnitude to be of pmc 
|w importance is the solar-diurnal carkthon, or, as it is usual! 
designated, diumtd variation. Tables 8, 9. 10, and 11 show tlai 
average diurnal variation of declination, dip, horizontal Intensity 
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and vertical intensity at foui of the magnetic obseivatones of the 
Coast and Geodetic Survey, based upon several years' observations 
They were condensed from tables givmg the average diurnal variation 
for 10 selected days foi each month of the years specified 

It must be borne m mmd that these tables aie based on days 
selected because of then freedom from magnetic storms and lepre- 
sent the average of a large numbei of days, so that mmoi liiegulan- 
ties are smoothed out and the aveiage lange (difference between 
extreme values) is somewhat reduced The time of occunence oi 
the maximum or minimum value may vaiy as much as two houis on 
different days 

The diurnal variation may be resolved into liaimomc terms having 
periods of 24, 12, 8, and 6 hours, but the physical significance of the 
third and fouith terms is not appaient The duunal vanation 
appears to be closely associated with the position ol the sun above 
the honzon During the night houis (on days fiee horn laigo mag- 
netic disturbances) there is little change m the thiee magnetic ele- 
ments The daily lange is greater in yeais of maximum sun-spot 
activity and vanes with the season of the yeai (See pp 43-47, 
Special Publication No 117) 

DERIVATION OF FORMULAS 

In the denvation of the loimulas mvolved m the measuiements of 
the earth's magnetism the aim has been to put them m convenient 

foim foi loganthimc computation 
The advantage ol this will be 
seen paiticulaily m the (omputa- 
tions of azimuth and tune and of 
honzontal intensity 

In the case of the seveial coirec- 
tive factois in the honzontal intens- 
ity formulas, advantage has been 
taken of thou small size to lurthei 
simphfy the work by the mtioduc- 
tion of the lollo wing approximation 
Wheie the required accuiacy can 
be secuicd with the use of 5-place 
logarithms, it may be assumed 
that, for small changes, the change 
mthe logarithm ol a numbei is pro- 
poitional to the change in the 
number 

Dillorencet) 

1 0 0000431 

Log 10050=4 0021661 . _ 50 0021601 

The assumption that the mantissa ol log 10050 is 50 times the man- 
tissa of log 10001 would mtroduce an error of less than one unit m 
the fifth decimal place of the loganthm 

DETERMINATION OF THE TRUE MERIDIAN BY OBSERVATIONS OF THE SUN 

As the magnetic decimation is the angle between the tiue mendian 
and the magnetic mendian, its measurement lequues the deteimma- 



Figtjbe 1 “-Fundamental spherical triangle 

For example 

Log 10000=4 0000000 
T.no- innm=4.nnnru;u 
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tion oi the duet lion ol both ol meso pianos The direction of the 
magnetic mendian is obtained bv means ol a niaenet lice to swin^ 
m a horizontal plane about a vortical jims The direction ol (lie line 
mendian ma\ r bo debu mimed by observations eithei ol die sim 01 ol 
a stai, especially Solans In connection wxth magnetic work j 1. ts 
inuallv moie convenient, to make the observations m i lie daytime, 
ind the method m geneial use consists ol a sene, ol observations 
ol the sun both morning and alter noon, each ob^ei vatron iompubmi> 
a measuie ol the altitude 1 ol the sun and the angle between it and 
a xeleronce (a/miuth) n»uk, and a locoid ol the time The com- 
putation oi the a/mmth ot the sun and the local mean time horn 
observations ol this chaiactei involves the solution ol the spherical 
triangle clelmed bv the pole, the zemth, and the sun, the tlncc sides 
being known The (undunenlaL fonmilas ol spherical trigonometry 
have been tiansloimed to lit this special case as lollows 

When the sides ol a spherical tnemde are known the angles may bo 
computed bv lounulds ol the loi m 

. , , sin (s, - I) ) sin fs, — < ) 

lair 1 - L— \ 

* sm Si s,n t s i <0 

m wine li 2s, a \ b \ ( 

In Fig ui o 1 let ZP S icpiesenl the t mingle defined by the zemth, the 
pole, and the sun Let 4> be the latitude ol the place, li the altitude ol 
the sun and 8 the sun’s decimation 

SP ~-a-= 90° ~8=-p, given m tiro Ephemens ol the sun 

SZ^b = 90° — h, determined by observation 

PZ~ ( ~-90° 6, del ei mined by observation 

Tin angle SZP u\ n is the .ingle between ihe (me mendian and 
the vertical plane through (lie sun and is thou (ore the azimuth ol 
the sun counted liom the noith Tin aide SPZ P> is the hour 
angle til the sun, l Substituting the values ol a, b, and c m the 
lormula and letting 2s- p I b \ </>, the following ti ansloi matrons may 
be made 

2, Si- 180° I p-ii ~ <j>— 1<S0° ~l 2p-2s 
.s x =- 00° -f — 00° — (,s -p) 

(s, - a) 00° H p — s — p 90° — s 

(s, b) 00° I p- s-00° I //- p I //-s -(s-0) 

(S,- () <)()" I />— s - - 00° I cjj p I cl>- s~(s -li) 

>, t _sin (s - <f>) sin (s It) 
n c os S ( os (s - p) 

As it is usual to reckon azimuths tioni the south, substitute 

180 ° — ^1 - A n 

88182° — 30 2 
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and the equation may be written m the form 

ctn 2 -^4 s = sec s sec (s— p) sm ( s — 4 f>) sin (s — h) 

A similar transformation of the equation foi the angle B = t gives 
tan 2 -^ = cos s sm ( s — h ) esc ($--<£) sec (s— p) 
and by combination with the equation foi ctn 2 |A s 


and 


tan 2 ^ t = 


sm 2 (s — h) sec 2 (s — p) 
ct n 2 %A s 


tan % t = 


sm (s — h) sec (s — p) 
ctn 


a voiy convenient form when the aximuth and hour angle are to be 
computed from the same set of observations 

The computed angle between the sun and the true south meridian 
combined with the measured angle between the sun and a selected 
tonestnal object (azimuth mark) gives the angle between the true 
south meridian and the mark, or the true azimuth of the mark 

The computed horn angle of the sun combined with the equation of 
time gives the local mean time of observation, and this compared 
with the chronometer time of observation gives the chronometer 
correction on local mean time If the chionometer correction on 
standard time has been determined by means of telegiaphic time 
signals, an approximate value of the longitude of the place can 
leadily be computed 

Although the conditions illustrated in Figure 1 assume the obser- 
vn turns made m the Northern Hemisphere with the heavenly body 
observed noith of the celestial Equator, the formula is perfectly 
general For bodies south of the celestial Equator the pole dis- 
tance becomes greater than 90°, and for stations in the Southern 
Lfcmisphoie the value of 4> is negative Some obseivers whose work 
is ontu ely m places south of the Equator prefer to use the South Pole 
in the sphencal triangle m which case they have only to replace ct n 2 $A 
by 

DIP 

At magnetic observatories the earth inductor is now used almost 
exclusively for determining the dip and it is rapidly supplanting the 
dip circle foi field work, but there are still many cases where a dip 
circle has to be used, and an explanation of the principles involved is, 
thoxefore, needed 

A dip circle is an instrument m which a magnetized needle is 
supported so as to be free to swmg m a vertical plane A steel 
axle through the center of gravity of the needle terminates in finely 
ground pivots which rest on agate knife-edges The angle of dip 
is measured on a graduated circle concentric with the axle of the 
needle. In order to measure the angle of dip directly, the needle 
must swing in the magnetic meridian The observed angle of 
inclination m any other plane will be too large, as will be seen from 
the following considerations In the magnetic meridian the hori- 
zontal and vertical components of the total intensity are H and Z, 
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and Z—H tan 7 In a plane making an angle a with the magnetic 
meridian, the components are H cos a and Z, and Z = 77 cos a tan I a 
Hence tan 7= cos a tan I a As the cosine of an angle is always 
less than unity, I„ is always gi eater than 7 This foimula may 
be used 10 compute the tiue dip fiom observations out of the mend- 
xan, piovided the angle a is known The equation may be wntten 
in the foim ctn7 0 = ctn7 cosa Let a = 00°, then ctn7„ = 0 and 
7„ = 90° That is, when the mstiument is m the magnetic prime 
veitical the dip needle stands vertical, a lact which furnishes a simple 
method loi setting the mstiument m the magnetic mendian when a 
compass attachment is not available for the purpose Extieme 
accuiacy m the determination of the magnetic mendian is not 
i eq uiicd, as wall be seen if a. bo computed from the above foimula 
assuming 7=45° and 7 a = 45° 00' 1, the resulting value of a bemg 
37' That is, unless the mstiument is moie than 30' out of the mag- 
netic mendian, the eflect on the dip is not as much as 0' 1 

The true dip may be obtained by combining observations m two 
planes at light angles to each othei, without detei mining the mag- 
netic mendian 


Foi ctn I a = ctn 7 cos a 

and ctn 7(yo°-«; = ctn 7 cos (90 — a) = ctn 7 sm a 

Hence ctn 1 2 I a + ctn 2 7(oo°-a) = ctn 2 7 

The ideal dip-needle would be perfectly symmetrical in shape and 
mass with respect to the axis of its pivots, but this condition can not 
be exactly attained by the maker, and subsequent use of the needle 
is liable to mciease the diveigence fiom tins ideal condition Most 
of the enois due to lack of svrametiy and adjustment aie eliminated 
by leveisal ot mstiument and needle and leveisal of the polarity of 
the needle Yet it will usually be iouncl that clifleient values of dip 
aie obtained before and aftei icveismg polanty, indicating that the 
needle would not exactly balance if demagnetized This lack of bal- 
ance may be ascribed without matenal cnoi 3 to a small weight p 
in the longitudinal axis of the needle at a distance d fiom the axis of 
the pivots The equations of equilibnum bcfoie and after reversal 
of polarities will be 

pd cos I n = F M sm (7— I n ) 
and pd cos I s = F Ad sm (7 S — 7) 

assuming that the magnetic moment M of the needle is the same 
before and aftei reversal 

Hence cos 7„ = sin (7^7 W ) = sm 7 cos I n — cos 7 sm I n 

cos 7 S sm(7 s — 7) sm I s cos 7— cos 7 & sm 7 

Clearing of fractions and dividing by cos I s cos I n cos 7, 

tan 7, — tan 7= tan I— tan I n 

. r tan7„ + tan7, 

tan 7 ^ 


1 Tho neodlo is so long compared with il<- width that the lari of symmetry with respect to the longi 

ludinal axis is not ipt t o be appreciable 
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That is, wheic the observations give diffeient values of dip before' 
and after icversal of polarities, the mean of the two quantities doo*-^ 
not give the tiue dip Instead, the angle must be found whose' 
tangent is the mean of the tangents of the observed angles To 
avoid the necessity of making this computation for each observation ? 
Table 7 has been prepared, giving the coirection required by the* 
dip obtamed by usmg the loimula 

r 

J 9 


For example, if the obseivccl dip was 72° 15' 0 before icvcisal of 
polarities and 72° 45' 0 afteiwards, the true dip would bo 
72° 30' 0 + 0' 2 = 72° 30' 2 

Numerous compai isons of dip aides with each othei and with eaitl i 
inductors have established the fact that, m spite of eveiy refinement/ 
of adjustment and caie m obseivmg, diflerent dip cucles give dillci ~ 
ent results and neaily all lequiio collections to leducc to the moi ^ 
accurate earth inductor result^ This is due in many cases f < > 
irregularity ot pivots of the needles and sometimes to slight im- 
purities m the metal entenng into the make-up ol the instrument - 
While the eftect ol eithei of these causes would be different for diffci - 
ent angles ol dip, it is the piactice m the Coast and Geodetic Suivt\v 
to assume a uniloim coirection loi the limited range ol dip mvolve<i 
m a season's work 

In the case of two dip elides which were used ovex a wide lange of 
dip and showed large and \anable coriections, analytical expiession^ 
of the form 


U-p+y 


Sill I 

F 


cos I 
z p 


weie denved, from which to compute the lequired collections, based 
on the assumption that the varymg corrections were to be ascubed 
to the eftect of the metal composing the instrument In most case*- , 
however, this assumption is not justified 

It sometimes happens that needles which give the same results u i> 
a base station show progressively larger differences when used m thn 
field where the value of the dip changes considerably This has been 
found to be caused by micioscopic defects on one of the pivots at n 
place which becomes the point ol beaung on the agate support for tho 
values of dip encountered in the field When but two needles am 
used, it may not be possible to determine which needle is at faultr, 
and it is safer therefore to make use of three or more needles Such* 
defects may arise from minute particles of rust, and it is therefore of 
great importance that the needles be given very great care 

HORIZONTAL INTENSITY 

Up to the time of Gauss all measuies of horizontal intensity wero 
relative and consisted in comparing the times of oscillation at diffe r— 
ent places of a magnet oscillating in the horizontal plane about a vei — 
tical axis Assuming the magnetic moment of the magnet to be con- 
stant, the horizontal intensity is inversely proportional to the squaro 
of the time of oscillation As a matter of fact, all magnets tend to 
lose their magnetism gradually, but this decrease of magnetic moment 
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was determined and allowed fox approximately by observing at a base 
station both at the beginning and end of a voyage or a season’s work 
Gauss m 1832 conceived the idea of combining with the oscillations 
a set of obseivations m which the intensity magnet is used to deflect 
an auxiliaiy magnet and thus determine the honzontal intensity abso- 
lutely, and this is the method m general use at the present day Two 
distinct operations are mvolved Oscillations, which serve to deter- 
mine the product of the magnetic moment of the magnet and the 
horizontal intensity, deflections , fiom which the ratio of the same 
two quantities is obtained 


OSCILLATIONS 

If a magnet be free to turn about a vertical axis through its center 
of gravity, it will come to rest with its magnetic axis m the plane of 
the magnetic meridian If it be turned out of that plane and then 
released, it will oscillate m a honzontal plane under the influence of 
the eaith’s magnetism -just as a pendulum oscillates m a vertical plane 
under the influence of the force oi giavity, the amplitude of its swing 
gradually diminishing until it finally comes to rest agam m the 
magnetic m endian 

The time ol oscillation ol the magnet depends upon (1) its moment of 
inertia, which in turn depends on its dimensions and mass, (2) upon 
the magnetic moment ol the magnet, and (3) upon the intensity of 
the earth’s magnetic field A long magnet oscillates moie slowly than 
a short magnet of the same mass and a heavy magnet oscillates more 
slowly than a light magnet ol the same length An increase m either 
(2) or (3) — that is, an increase m the force which produces the oscil- 
lation — causes a decrease m the time ol oscillation 

For simple harmonic motion the time ol one oscillation, T — that is, 
one-hall ol a complete swing — is given by the loimula 

T=tt I ^ ls P^ a cement 
\ acceleration 

The couple acting on the suspended magnet when its magnetic axis 
makes the angle 0 with the plane of the magnetic meridian is M H 
sm 6 , m which M is the magnetic moment of the magnet and H the 
horizontal intensity of the earth’s magnetic field If K be the moment 
of inertia of the magnet and its stiriup about the axis of rotation, 
then fox a displacement d the acceleration becomes 


and T=t^- 


MI-I sm 0 

For very small displacements sm 0 may be taken as equal to 6 and 
hence 


■ / K 
V Mil 


and T1 M = 


r 2 K 
T 2 


sub] cel, however, to certain conections as explained below 

Reduction to mfimtenmal ait — The above loimula is based on the 
assumption that the arc ol vibration is infinitesimal For a finite 
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arc the observed time of one oscillation must be diminished by a 
small amount, the collective factor being ln which 

a' and a n are the initial and terminal arcs of swing, expressed m 
radians, or approximately ^1 — a being the aver- 
age arc Fiom the a joining table it will be seen 
that for an aveiage aic oi 3° this correction amounts 
to only 1 pait m 25,000, and as the arc of swing 
need never exceed this amount, and m the majority 
of magnetometei s is still more lestneted by the 
limits of the scale ol the magnet, this coriection is 
m geneial negligible 

Conechon joi mie of chronometer — The observed time of one oscil- 
lation must be collected loi the late of the chionometer used If d be 
the daily late of the chronometei m seconds, plus when losing and 
minus when gaming, then the rate per second is d— 86400, and the 

observed value of T must be multiplied by the factor ^1 oi 

T must be increased by 0 00001 1G Td 
J M Baldwin, of the Melbourne observatory, points out that this 
coirection may bo moio conveniently applied to T 2 m the form of a 
logarithm 

For log (H-0 00001 lM) 2 — 2d log (1 0000116), approximately, 
and 

log 1 0000116 = 0 000005 
Hence, 

log (1 + 0 0000116d) 2 = rf(0 00001) 

For example, when the chronometer is losing 5 sec a day, log T 2 must 
be increased by 0 00005 

Correction for toision — The earth's magnetism is not the only force 
actmg to cause the oscillations It is usual to suspend the magnet 
by one or more silk fibers or by a very fine wire oi metallic ribbon, 
the torsion of which must be taken into account The ratio between 
the force of torsion and the horizontal intensity may be determined 
m the following manner When the magnet is at rest m the magnetic 
meridian, if the upper end of the suspension fiber be turned through 
any angle, say 90°, the magnet will be turned out of the meridian 
through a small angle h (expressed m minutes) on account of the tor- 
sion of the fiber The equation of equilibrium between the two 
forces for a twist of 90° is 

C (5400- h) =M H sin h or 

in which C is the force of torsion per minute of arc Experiments 
have shown that the force of torsion is approximately proportional to 
the amount of twist In the case m pomt the upper end of the fiber 
is turned through 5400', but the lower end is turned m the same 
direction thiough the angle h } so that the amount of twist is (5400— h ) . 

When during oscillations the magnet makes any angle, as d, with 
the meridian the force exerted by the earth's magnetism to pull it 
back mto the meridian is M H sm d, and the force of torsion acting 


a 

04 
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0 00000 
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m the same direction is 


9 M II sin li 
5400 -h 


and the resultant of the two 


, , T , . , 6 M II sm h , , ,, . 

M H sm 0-1 — •— =M II sm 6 


5400- h 


r 9 sin h “1 

L 1+ sm 0 (5400- h ) J 

h 

5100 


= M II sin 9 


H 


= 7 .]’ 


since both h and 6 aie small Hence, m the oscillation formula, 


must be substituted foi M II m oidei to take mto account the effect 
of torsion Values ol the logarithm of [5400— (5400— k )] loi difleient 
values of h aie gi\en in Tabk 6, but loi <miaU values, such as are 
usually experienced m magnetometers, the logarithm ol this factor 
may be assumed piopoition il to h, i o 


log 5400- log (5400— h) —h [log 5400- log (5400- 1)] [0 00008] 


Induction correction — When a magnet is placed m a magnetic field 
its magnetism is temporarily changed by induction by an amount 
proportional to the strength ol that component of the held which is 
paiallcl to the axis ol the magnet In the case ol the oscillating 
magnet, its magnetic moment is moi eased liom M to (M + n II) or 

M ^1 the induction iactox 

Temperature correction — The magnetn moment of a magnet 
changes with change of lompouitiue, an me i* use of tcmpcratuie 
producing a dccicase oi magnetic moment, and vice veisa In the 
determination ol hoti/onlal intensity, (he tempeiatme ol the magnet 
is, m geneial, difleient loi the l\\o classes oJ obsuvntions, oscillations, 
and deflections, and it is theieloic nceessaiy to allow lor this difler- 
ence m temperature befoxe combining the two equations to compute 
II and M 

The iate of change of il/ w ith change of tc mpci aturc is not unifoim, 
becoming gieatei as the tcmpciatuie mci cases, as represented by the 
formula 

M-M 0 (1 -tq-tW) 


m which M 0 = magnetic moment at tempenituie 0° 
and M = magnetic moment at tcmpciatuie t 
Where extreme accuracy is defied, the two quantities q and q' must 
be determined by special obseivations and m subsequent woik a 
conection must be applied m both oscillation and deflection compu- 
tations to leducc M to 0° oi some other standard tempeiatme 
For most purposes, whoic a set ol obseivations covers not much 
more than an hour and is so arranged as to compensate in pait foi the 
limited change of temperature, it is sulhcicnt to assume that the rate 
of change oJ M with change of temperature is uniloim foi ordinary 
temperatures and determine the \alue of i temperature coefficient q 
on this basis Then in subsequent observations it will only be 
necessary to take account ol tlio change of tompeiature between the 
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oscillation observations and the corresponding set of deflections It 
is customary to consider the temperature coefficient positive when the 
magnetic moment of the magnet varies mveisely as the temperature 

If f and M f be the temperature and magnetic moment of the long 
magnet for a set of oscillations, and t and M be the temperature and 
magnetic moment for the corresponding set of deflections, and M 0 
be the magnetic moment at standard temperature t 0 , then 

M' = M 0 [l + (t 0 -t')q\ 

M =M 0 [ 1 + (£<>—%] 

M' = M+M 0 (t—t')q 

For the small values of (t' — t) ordinarily mvolved M may be 
substituted for M 0 and the formula becomes 

M'=il4[l + (f-f')g] 

By means of this formula the magnetic moment at the tempeiatuie 
of the oscillations may be reduced to the temperature of the deflec- 
tions 

With these various corrections apphed the complete oscillation 
formula becomes 

+ "»X 1 + m- 

or 

i + ooooii6i)'(j^ 1 )(i +/£)(i + «-o ,,)] 

DEFLECTIONS 

A magnet free to turn about a vertical axis will come to rest with 
its magnetic axis m the magnetic meridian if acted on by the eaith's 

magnetism alone If a second mag- 
net be brought near to the sus- 
pended magnet, the lattci will be 
deflected out of the magnetic 
meridian by an amount depending 
upon the relative stiength ol the 
two forces acting upon it The law 
of the action between two mag- 
nets under these conditions was 
developed by Gauss foi the special 
cases wheie the ‘two magnets he 
m the same honzontal plane, (1) 
with the axis of the deflecting 
magnet m the magnetic pnmc 
vertical through the center of the 
suspended magnet, and (2) with the 
center of the deflecting magnet in the 
magnetic meridian through the center 
of the suspended magnet and with its 
axis m the magnetic prime veitical 
Lamont later extended the discussion to the cases where the axes of the 
deflecting and suspended magnets are at nght angles to each other, 


Magnetic 

North 



Figure 2 —Position of magnets during deflec- 
tions (Lamont’s first position) 
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(1) the deflector being to the east oi west, and (2) the deflectoi being 
to the north or south In 1890 Borgen developed the formula foi 
the most geneial case, placmg no restrictions upon the relative posi- 
tions of the two magnets, and denved theiefrom the lorms applicable 
to the special cases already treated by Gauss and Lamont The 
relations weie also developed by Leyst m a paper published in 1910, 
m which he called attention to errors m some ol the previously 
published formulas, and by Ad Schmidt m 1912 Recently the 
problem has been attacked in a different way by Geoigc Hartnell, of 
the United States Coast and Geodetic Survey His paper is pub- 
lished as Special Publication No 157 of that bureau, Distnbution 
Coefficients of Magnets Starting with the assumption that the 
magnetism of a magnet is concentiated at its magnetic poles, which 
he regards as points, he develops general equations to covei all 
relative positions of the two magnets and then adapts them to the 
various special cases which are likely to occui m practice 

Nearly all magnetometers of recent make are arranged with deflec- 
tion bars attached at light angles to the telescope by which pointings 
are made on the suspended magnet, and hence the deflections are 
made m Lamont’s fust position In dctei mining the scale values ol 
horizontal intensity and veitical intensity variometers at an observa- 
tory (p 111) it is the usual ptactice to make deflections m the 
fiist and second positions ol Gauss Only an outline ol the method 
of deriving the deflection formula m these special cases will be given 
here 

In the case of Lamont’s fiist position, suppose that the suspended 
magnet N x Si is deflected out of the magnetic meridian through the 
angle u by the magnet N S, placed so that the prolongation of its 
magnetic axis passes through the center of N t Si Let m and m x and 
2 l and 2 ^ be the pole strength and distance between poles of the two 
magnets and / the distance between their centers Then the magnetic 
moments aie AI=2ml and Al x —2mili For an approximate solution 
of the problem, assume that l x is so small compared with / that the 
distances from the pole N to N, and Si may be taken as (; r+l ) and 
from S to Ni and Si as (?— 1) Then the lorce of attraction between 

S and Ni is and the turning moment is The force ol 

repulsion between N and Ni is and the corresponding tur nin g 

moment is The total turmng moment resulting lrom the ac- 

tion between the two magnets is therefore 


2 m Will 

(?-iy ~ 
2 M Ad x 


2 m mill 

(r+ly " 


0^ 


+ .4 + 


& m mi l hr 
(/ 2 — ? 2 ) 2 
4 i» 


) 


2 M Mi r 
(r 2 -Z 2 ) 2 


The rigorous solution, taking mto account the pole distance of Ni Si 
yields an expiossion of the same foim, namely 

m which P, Q, and succoedmg coefficients are functions of the dimon- 



20 


DIRECTIONS EOR MAGNETIC MEASUREMENTS 


sions of the two magnets and the distubution of their magnetism 
The senes converges so rapidly that the coefficients beyond Q need 
not be considered for pxoperly chosen deflection distances 

The turning moment of the force tending to pull the suspended 
magnet back into the meridian is H Mi sin u , u being the angle ol 
deflection When the magnet is at rest the two opposing forces are 
equal and opposite, 
hence 


and 


H Mi sin u= 

2 

M 7 i sm u' 


'$) 


( 


r 3 

1+5+: 


In the first position of Gauss the position of the deflecting magnet 
does not change as the suspended magnet is turned out of the mag- 
netic meridian, its axis remains m the magnetic prime vertical through 
the center of the suspended magnet Its axis consequently makes 
an angle (90° — w) with the axis of the suspended magnet and the 
turmng moment resulting from the action between the two magnets 
becomes 




2 MMi cos ®/, , P , instead of tM«sf , . P ■ 


Then 

and 


H Mi sm u = 


H 


2 M Mi cos u< 


! (i+p+?) 


M r i tan 




the same as for the first position of Lamont except foi the substitution 
of tan u in place of sm u 

In the case of the second position of Lamont, wheie the axis of the 
deflector is at right angles to the axis of the suspended magnet and its 
center m the prolongation of that axis, the two poles of the deflector 
act together in causing a deflection of the suspended magnet, but act 
in opposite directions on the two poles of the suspended magnet 
In this case the deflection formula is 


H 

M 


\ 

? d sm u\ ; 4 / 

s the foimul 


H 
M 

For the second position of Gauss the foimula is 

1 


? 3 tan u\ 


It will be noticed that m each case the formulas for the first and 
second positions differ only m the numeiatoi of the first term of the 
right-hand members, which is 2 m the first position and 1 m the 
second From this it appears that if the distance between the 
centers of the magnets is the same for the two positions, the sine (or 
tangent) of the deflection angle will be approximately twice as gieat 
when the deflector is east or west of the suspended magnet as when 
it is m the magnetic meridian. 
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In denying the deflection ioimuli grvon above ioi the first position 
of Lamont no account has been taken of th" effect of induction upon 
the magnetic moment M of the deflecting magnet It will leachly 
be seen that the south end of the deflecting magnet will always be 
inclined to the noith of the magnetic pume veitical whethei it is 
placed to the east oi west of the suspended magnet 01 with its 1101th 
end east 01 west, and the efloct of induction will Lheicloie always 
conespond to a deciease m its magnetic moment As alieady stated, 
the induction is piopodional to the sticngth ol that component of 
the earth’s field which is paiallel to the axis of the magnet, m this 
case H sin u Hence the moment of Lhc deflecting magnet when 
the suspended magnet is deflected thiough the angle 'u is ically 
(M—jjl II sm u) instead ol ]\f, n being the induction factoi of the 
magnet As fj, II sm u is always voiy small in companson with M, we 

9 J^I 

may substitute ioi II sm u its appiownmb \ <du< k ~ 
and (M- ix H sm //)=- ( Al( 1 ~*' M ) 


Making thib collection to tlm deflection loumiki, it becomes 

__JI_ 

Al( 1 --1 


7 

_JL 9\ 


or 


II 

2 ( 

M~/ i 

Sill 'MX 


It is probable that the distiibution of the* m ign^tism of a magnet 
changes somewhat in the com sc ol time and consequently I J , Q, and 
jjl are subject to change, blit msiilK jhon duit loj a season’s woil:, oi 
even longci , they may bo t m-ulcvd constant without matcuaJly 
mcieasmg the uneeitamty of the iu>uJt->, especially when the magnets 
have become so well seasoned that the loss ol magnetism is veiy slow 
The deflection loimula may then be v » itton 


C 

AJ sm u 


m which C— +p + ^and is constant (ox a paiticulai 

deflection distance and a particulai tempeiatuie Its vanation with 
tompeiatuie may bo leadily computed horn the < oeffu lent of thennal 
expansion ol the matenal, usually biass, of which the deflection bais 
are made, since / is the only quantity m the second menibei which 
vanes wnth tempeiatuie 

The oscillations give the pioduct of II and AJ 

oooonorf)'(^ A )(i '4)(i + («-<')?)] 

and the deflections give ilicn mtio 


II 

M / J 


sm v 
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From these two formulas the values of H and M can be readily 
computed, if we assume that the values are the same for the two sets 
of observations So far as M is concerned this is a safe assumption, 
since allowance has been made m the formula for HM for the change 
in M with change of temperature Magnets are usually so treated 
when magnetized that they soon settle down to a condition of very 
slow loss of magnetism, inappreciable for the period coveied by a 
set of intensity observations Exception should be made of cases of 
sudden loss of magnetism resultmg from a shock, such as would be 
caused by dropping the magnet or from bringing it mto contact with 
another magnet 

In the case of H there is constant change, usually small m extent 
during the time covered by a set of observations, but at times exceed- 
ing m amount the error of observation To minimize the effect of 
this variation, the observations are usually airanged m the order 
Oscillations, deflections, deflections, oscillations The following con- 
siderations show that small changes m H , such as are exceeded only 
at times of severe magnetic storms, have no appreciable effect on the 
result For suppose H 0 and H d are the values of H at the time of 
oscillations and deflections, lespectively, and let H d = H 0 + AH 
The combination of the obse rvation s on the assumpti on that H 0 = H d 
would give the value H=^H 0 H d = ijEPo + Ho A H The quantity 

under the radical differs from [Hu+^AHj by a quantity so 
small as to be negligible except in the case of a severe magnetic 

I TT I TT 

storm But + ^ — " Hence it is evident that the 

assumption of no change m H between the deflection and oscillation 
observations gives a value of H which is the mean for the period cov- 
ered by the observations To show the effect in an extieme case, 
suppose AH=0 05H, a range seldom reached m the course of a 
magnetic storm, then 

El+Ei - JhTH 0 = 0 0012 H 


Under such conditions the magnet would be so disturbed as to render 
accurate observations impossible 

It will be seen, however, that the value of M denved from this 


assumption will be in error and that it must be 
in order to get the correct value 


multiplied by 


im IH 0 +AH 

AfH. \ b 0 


L ,ah ah, , 

-y 1 + 2^ = 1 + 2 H (approx ) 


TOTAL INTENSITY 

Under certain conditions it is mconvement or impossible to use the 
above method for determining the horizontal mtensity As the 
magnetic pole is approached, the horizontal mtensity becomes so 
small that the method fails for lack of accuracy On shipboard the 
motion of the vessel precludes the use of a fiber suspension, which is 
essential to accurate oscillation observations At times it is neces- 
sary to reduce the instrumental eqmpment of a party as much as 


DERIVATION OF FORMULAS 
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possible In such cases use may be made of the method devised by 
E Lloyd to determine the total intensity by means of a dip cncle 
W^liile inferior m accuiacy under ordmaiy conditions to the method ol 
dotermining the honzontal intensity with a magnetomctei, yet with 
a good dip cncle caiefullv handled it will usually yield veiy satislac- 
tory lesults, as shown by an extended senes ol observations made 
u:n<3.ei field conditions m 1905 The following results foi the month 
oT -Apnl aie a lan sample The hoxizontal intensity was deteimmed 
directly with the magnetometei and also by combining the dip with 
tfcK3 total intensity deteimmed with the dip cncle 


St -it ion (m California) 

Date, 1905 

Horizontal intensity 

Magnet 

ometei 

Dip cncle 

Saxa Diego _ .... 

Escondido ... 

Steelman __ 

Ro-xarlsbug 

13 llCOTb^Kld 
fo ici a men to 

Apr 1 

Api 7, 8 

Api 13, It 

\pi 10 ._ 

Ipi 22, 2 1 

Api 27 

7 

27, 678 
27,358 
26, 660 
26 381 
26, aOO 
24, 875 

7 

27, 687 
27, 338 
26, 577 
20, 394 
2b, 412 
24,401 


The method involves two opeiations, duiing both of which the dip 
circle is so placed that the suspended needle swings m the magnetic 
meridian t\nt, the measure of the angle of inclination with a needle 
having a weight m the south end (in north magnetic latitudes) , second, 
the measure of the angle through which a second needle is deflected 
byr the loaded needle, when the lattei is placed at right angles to it 
in the place provided ioi the pui pose between the leading microscopes, 
w*it/h the axes ol rotation of the two needles lying m the same straight 
line Jn the fnsi case the eai til’s magnetism acting on the loaded 
(intensity) needle is opposed to the Joicc ol gravity acting on the 
vwoight In the second case the foico excited by the intensity needle 
on the suspended needle is opposed to the caith’s magnetism 

-Let T = the dip with loaded needle, considcied positive when the 
south end is above the honzon Then the angle thiougli which the 
noodle is turned by the weight is u' = /— /' 
u = Deflection angle 

M= Magnetic moment of the intensity noodle 
Mi = Magnetic moment of the second needle 
k — Mass of the weight 

i?=- Distance of weight from the axis of lotation 
The equation of equilibnum foi the dip with loaded needle is 

IR cos I' = FM sin u f 

JFor the deflection observations, the equation is 

Z l MAl i = FM { sin ?/ 

in which Zi is a lactoi depending upon the distance between the needles 
and the distribution of then magnetism Combining the two equa- 
tions 

khiRMMi cos I' = F 1 MM i bin u sin u f 
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Let 

Then 


DIRECTIONS FOR MAGNETIC MEASUREMENTS 

kk 1 R = 0 2 


C 2 cos I' = F 2 sm u sin u r 
F-C-yJ cos r CSC U CSC u' 

C=FtJ sec I f sm u sm u f 

When the above observations aie made at a place where the tlip 
and horizontal mtensity (and hence also the total mtensity) aio 
known, the value of C can be computed Knowing C, the value ol 
F at any other place can be deteimmed by observation As tlio 
factor C mvolves the mass of the weight and its distance fiom the 
axis of rotation and also the distribution of magnetism m the needlos, 
it is necessary to guard against change m the interval between the 
standaidization observation and those at othei places The weight 
should be left m position and care should be taken not to change the 
magnetic condition of the needles Hence they must not be tern mo- 
netized m the course of a season's work 

DETERMINATION OF THE CONSTANTS OF A MAGNETOMETER 

The two foimulas used in the determination of H and M liom 
observations ol oscillations and deflections mvolve a number ol iartoi s 
which must be deteimmed by special observations or othei wise boioio 
they can be used, namely moment of inertia , temperature coefficient^ 
induction coefficient, and distribution coefficients , as well as the deflection 
distances 

MOMENT OF INERTIA 

The magnets of most magnetometers are of the collimator type, a 
hollow steel cylmder closed at one end by a glass on which two fine 
lmes at right angles are etched and at the other by a lens There is 
thus introduced a lack of homogeneity which makes it impracticable 
to compute K, the moment of inertia of the magnet, from the dimen- 
sions of its component parts Moreover, the magnet is usually 
supported by means of a stirrup of moie or less complex loim, arid 
it is the moment of the magnet and stirrup combmed which is in- 
volved m the formula It is usual, therefore, to deteixmno the 
moment of meitia by means of an auxiliary weight of nonmagnetic 
material and regular loim, whose moment ol inertia can bo ihc u- 
rately computed from its dimensions and mass A truly tin Tied 
bronze ring or a circulai cylmder of about the same mass as the' 
magnet aie the forms commonly employed For a rmg the moment 
of inertia is given by the formula 

in which d and di aie the inner and outer diameters and W is the ximss. 
For a cylmder the formula is 

K >- w (j2 + £) 

m which l is the length and d the diameter To find the value ol K% 
for any other temperature than the one at which the dimensions were 
measured, the average coefficient of expansion of bronze, 0 000018 
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for 1° C , may be used, unless a special determination has been made 
for the weight m question It will be seen that 2 log (1 000018) = 
0 000016 is the corresponding change in log K x for 1° change in the 
temperature of the inertia weight 

If m addition to oscillations with the magnet alone observations 
are made with the weight added, two equations will result 

HM- *K - [><H 00001 1 + 4X 1 + (| - ‘'>0] 

+ OOOOll^j^Xl +4)] 

Hence K K+K t 

supposmg H to remain constant and allowing foi change of M with 
change of temperatuie, t' being the tempeiature ol the magnet dur- 
ing oscillations without the weight and t the temperature during 
oscillations with the weight 


Let + 

Then J£ _K±K! (T) 2 K x 

/ rn v i / m 


(T )2~ {Ti) 2 


and 


(T ) 2 


That is, this simple foimula may be used if the obseived values of T 2 
and T x 2 are coirected lor toision and the foimei is icduced to the 
tempciatiuc of the lattei The lollowmg airangemont ol the obser- 
vations will pi act ical lv clumnate small changes m H 

Begin with a sot ol oscillations without the incitia weight, after 
lemoving the torsion horn the libei and determining the torsion 
factor Then make a set of oscillations with the inertia weight 
added, deteimming the torsion factoi foi the increased load Con- 
tinue making sets of oscillations alternately with and without the 
weight, ending the senes with a set without the weight Determine 
the toision J actor again with the last sot of each class of oscillations 
Each set of oscillations will consist of 8 or 10 determinations of the 
time ol a selected numbei ol oscillations, piefcrably some multiple of 
10, coriospondmg to a time intei val of lrom five to eight minutes A 
smallei number of oscillations may be used loi the observations wuth 
the weight than without, since the time of one oscillation will be 
S r ^ er A convenient form of computation is as follows 

The first set of oscillations without the weight and the fiist half of 
the second set combined with the lnteivemng set with the weight 
give one value ol K The second hall ol the second set without the 
weight and the fust hall ol the third sot combined with the second set 
with the weight give anothei value of K, and so on Ten of these 
maependent deteimmations will usually give a satisfactory mean 
value ol K The change m K with the tempeiature is a function of 

nnnnmi f eD il ^ ^Pansion of steel, which may be taken as 

0 000011 lor 1C The change m log K coiresponding to a change m 
temperature of 1° is, therefore, 2 log (1 000011) = 0 00001 The 
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method of separating the mtermediate sets of oscillations without 
the weight mto two parts is shown m the following example A 
convenient form of computation is also shown It will be noted that 
the observed time of oscillation of the unloaded magnet must m each, 
case be reduced to the tempeiature of the set of osculations with load 
with which it is to be combined Practically the same result would 
be obtained, without dividing the mtermediate sets mto two paits, 
by combining each set of oscillations with the weight with the pie- 
ceding and following sets without the weight, but m this case the 
resulting values would not be entuely independent 

The department of tenestnal magnetism of the Carnegie Institu- 
tion of Washington makes the observations m the order (1) Without 
weight, (2) with weight, (3) with weight, (4) without weight, (5) with- 
out weight, etc , and combines (1) with (2), (3) with (4), (5) with (6), 
etc This lengthens the observing program somewhat but simplifies 
the computation Puttmg the formula m the form 

log jBT=log Ki + colog (Ti 2 — T 2 — 1) 


the value of the last term may be found directly from the values ol 
log Ti 2 and log T 2 by the use of addition and subtraction logarithms, 
without computmg T x 2 or T 2 


Moment of Inertia 

Station Cheltenham, Md 
Magnetometer No 26 


Oscillations, without weight 


Chronometer No 1107, dail* rate gaining 8« 1 on mean time 


Date, April 28, 1009 
Magnet 20 L 



t (preceding set) -17 °97 
<-«'=-0°16 
t (following set) = 18 °27 
0 °H 


T 

log T 

log T 2 
<.( 5400 \ 
\'A00—hJ 
“[1+0-*)*] 


27 818 
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COMPTTTAI ION OF MoMENI OF INERTIA 
Cheltenham, Md April 2S 1009 

Magnetometer No 26 Inertia ring A 


Chron 

Iraio 

Temp 

iD 

UiY 

mid 

Lo-(T)’ 
and 
lot, K\ 

ImgC 
md log 

(.UxY-UY) 

log K 

lop 2i.«o 

h 771 

O 







It 32 


27 S21 


1 44137 




15 05 

17 97 

[27 S211 

41 409 

2 17036 

. 91 17o 



15 29 


27 SIS 

15 CVS 


1 19279 

2 72191 

2 72196 

15 32 


27 M2 


1 41429 




15 62 

IS 27 

[27 Sib] 

1 19 

2 17016 

3 91 465 



16 11 


27 820 

15 60 ■» 


1 19 j21 

2 72111 

2 72116 

10 14 


27 841 


1 14431 




16 -»(> 

IS 5? 

[27 81 S] 

13 Ilf, 

2 47037 

1 91470 



10 52 


27 794 

15 59S 


1 19 07 

2 72163 

2 72164 

1<> 55 


27 820 


1 41P9 




17 12 

IS 95 

[27 822] 

41 109 

2 17037 

1 91476 



17 27 


27 824 

15 5S7 


1 1927*. 

2 72200 

2 72201 

17 30 


27 835 


1 444.8 




17 4S 

19 33 

[27 S3 4] 

41 m 

2 1703S 

> 91 196 



18 19 


27 814 

15 599 


1 19 A0 

2 721S6 

2 72187 

18 22 


27 S4b 


1 11176 




18 40 

20 15 

[27 8461 

43 115 

2 17039 

1 91 51 ) 



19 0b 


27 S45 

15 599 


1 19 10 

2 72205 

2 72205 







JMc m 

2 721 S3 




A 527 1 

[)2 it >0°C 





When the weight is a cylindrical btu thoie is usually a place pro- 
vided in the stm up lot suspending it above or below the magnet 
When a ling is used it must be balanced on top of the magnet so as 
to be honzontal and with its centei m the line ol suspension To 
facilitate placing it m this position a wooden block is provided having 
a socket m which the magnet will fit with its uppci «uihice even with 
the siuface ol the block Suitable marks on (he Mode indicate tho 
position m which the img must be placed m oidei to bo symmetrical 
with lespect to the centei o( the magnet It, will, m general, bo 
necessaiy to use a stronger sus])ension fiber or ubbon than with the 
magnet alone m oidei to support the mci eased weight 

The moment ol moLtia ol a magnet will bo adected by any change 
m its dimensions or mass A sc rowing up oi unscrewung of one ol the 
end cells would produce a slight change ol length The removal of a 
laigc amount ol accumulated rust would produce an appreciable 
change of mass Tho magnet must bo caiolully piotcctod, thcieloie, 
1 101X1 these oi similai changes, and m case such a change should take 
place its moment of meitia must be lodetoi mined Some magnets 
which have been coveied with a sheath ol some softer matenal have 
been iound to lose weight piogrcssively when used m the field Such 
magnets should have tho moment ol inertia icdcteimmed at com- 
paratively short mtei vals 

TEMPERATURE COE1FICIEN1 

When the temper atuie ol a magnet increases, its magnetic moment 
deei eases, and vice veisa Foi most honzontal intensity observa- 
tions, as pointed out on page 17, it may be assumed that the tempei- 
atuie coeflrcient is constant foi oidmaiy temperatuies 
88183°— 30 3 
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If M and Af' ho 1-ho v allies ot (lie imtgnoUc moment of a magnet, at 
tomporatuioh t and /' and q he (he (cmpci.-itmc (oelheient 

uw] u ' MV + (t-nq) 

From an inspection o! (lie om illation and deficit, ion loimulas, it 
will he seen 1ha(, il two sets nl obseivitions of eithei class he made at, 
difleient tompeiatuies, (In' mine of q may be computed, piovided 
means aie taken to allow foi < himge ol // At an obscivutoiy this 
may leadily he done with (he aid of the innfinuous lecoid ol (lie 
magnetograph In any < ase, the efleit may he neailv eliminated by 
obseiving nil, ei milch at high and low tempeialmes and combining 
two sots ol ohsei \ alums at about (he same tempo tit me with an inter- 
vening sol at a difleient tempeiatuie (hue must he taken to main- 
tain a given teuipeiatmo foi a siiflment time to make sme (hat tho 
magnet and tliei mometer aie at the same tempeiatuie, and i ipid 
changes should he avoided il both oscillations and dellei turns ait* 
made at high and low tempeiatures, the change in 11 is obtained 1’ioin 
(he observations themselves If tho obscivations are made m a room 
which can bo heated and cooled ai tificiallv, no special appaiatus is 
icquiied Otheiwise (lie value of q is most, conveniently deteimmed 
by deflection obscivations, the deflecting magnet, being sntiouniled 
by a water jacket, which may he filled alternately with hot and cold 
watei In this case allowance must he made foi the effect ol chango 
of teinpoiature upon (hi* length ol the bin In am i use, iaie must 
ho taken to mold aci uialelv the tempeiatuie of the magnet 

The coni|>ut,ntion ol q may he « omcmently made hv loganthnis, 
beating m mind that ioi out put poses log (! + (< — f')q) may he 
replaced by ( l -t') [log (1 -I i/)| without muteually afl'cctmg tile results 

log Af' log M I {t - 1') log (L +q) 

, /1 . . log A V log Af 

log (1 I- q) H t-t' 

If spenal defies Mon ohsei vat ions have been made, tliev give directly 
log log y, log M' - log \! 

It will bo sufficient to use the uppiovmiate values 
namely, . * „ and , , when tin* induction and distribution 

r SHI U 1 1 SHI l(\ 

coefficients ate not, known, r and being the values of the deflection 
distance at tcinperatuies t and V 

'* A check on the coriectncss of an adopted \ nlue of q may he obtained 
fiom the values ot log AI deteimmed in the eoui so of a season's woik 
When all the values have 4 been ledueed to a common tempeiaturo 
they should show a fairlv urnlorm decrease with lapse ol tune An 
eiror in the adopted tempeiatuie (oellu lent would he indicated by 
deviations irom a umfonn chango which confouu in gcnoial with tho 
changes m temperature 
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INDUCTION COEFFICIENT 

When a magnet is placed m a magnetic field its magnetic moment 
is temporarily changed by induction by an amount which is propor- 
tional to the component of the field directed parallel to the axis of the 
magnet The late of change, 1 e , the ratio of the moment of the 
magnet to the change produced by a unit field, is called the induction 
coefficient, h The change m the magnetic moment M of a magnet 
placed parallel to a field of intensity H would be hMH , or jjlH, 
n = called the induction factor, being the change m the magnetic 
moment produced by a field of unit intensity The induction coeffi- 
cient is not constant, but varies with the strength of magnetization of 
the magnet It is different also according as the induction tends to 
increase or decrease the magnetic moment, the more strongly a 
magnet is magnetized, the less susceptible it becomes to mcrease of 
magnetization by mduction, but the more susceptible to decrease 
In the oscillation observations induction increases the magnetic 
moment of the magnet, and the induction facto? may be taken as con- 
stant In the deflection observations the effect of mduction is to 
reduce the magnetic moment of the magnet, but the magnet is in 
genei al so nearly in the pnme veitical that the effect is very small, 
and hence the assumption that the induction lactoi is the same as for 
the oscillations does not introduce an appreciable erioi 

Of the various methods foi dctei mining the induction coefficient 
the one devised by Lamont has been exclusively used by the Coast 
and Geodetic Survey The magnet of which the mduction coeffi- 
cient is desired is used as a deflector with its axis vertical, m the ver- 
tical plane at right angles to the suspended magnet, but with its 
centei some distance above 01 below the honzontal plane through that 
magnet Observations aie made fiist with noith end up, magnet up, 
and then with north end down, magnet down In the lormer position 
the magnetic moment of the deflector is decreased by mduction, and 
in the latter is mci eased, by an amount which is pioportional to the 
vertical intensity of the earth’s field 

If care is taken to maintain constant conditions, except lor the in- 
version of the deflecting magnet, the change m the deflection angle 
will be a measure of the change m the magnetic moment due to the 
inductive effect of the vertical intensity, Z In the first case 

II C 

Mil — hZ) sin Ui 

and in the second case 

H C_ 

M(l+hZ) sm U2 

1 + hZ sin u 2 
l — hZ~~sm Ui 


hZ=hH tan /= 


sm u 2 — sm Ui _ tan^ 

sm u 2 + sm Ui ~~ tan y 2 (u 2 + Ui) 


1 tan (u 2 — Ui ) 
H tan I tan K (^2 + ^1) 
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This method involves the assumption that the induction coefficient 
is the same whether it tends to increase or decrease the moment of the 
magnet As the corrections for induction are very small, this is a 
safe assumption for all except the most lefined observations 

As the induction coefficient is a very small quantity, the change 
in the deflection angle is small also, so that a small error in 

observation or a small change in the relative position of the two 
magnets for deflector up and deflector down will materially affect the 
result It is usual to extend the observations by varying the position 
of the deflec ting magnet, as indicated m the following sample set 
The laiger the deflection angle, the smaller will be effect of errois of 
observation on the result Mr Hai tnell, m his paper on Distribution 
Coefficients, has developed the foimulas for deflections m the position 
used m the deteimmation of the induction coefficient and found that, 
for any honzontal distance between the magnets, the deflection angle 
is a ma ximum when the vertical distance is one-half the horizontal 
distance, and this has been verified experimentally by H E McComb, 
usin g an attachment designed by him for the purpose (Fig 3 ) 


Cheltenham, Md June 16, 1905 

Magnetometer No 29 

Horizontal distance, 21 cm Vertical distance, 2 cm 


No 

Position of deflecting 
magnet 

North end 

Horizontal circle readings 

A 

B 

Mean 

1 

East 

East 

up 

up 

O f // 

53 32 10 

/ n 

32 40 

Off/ 

53 32 10 

2 

down 

down 

r )3 % 10 

5b 10 

53 50 10 

3 

East 

down 

up 

13 05 10 

05 50 

43 05 30 

4 

East 

up 

down 

43 23 40 

23 50 

43 23 46 

5 

West 

up 

down 

54 08 10 

08 10 

64 08 10 

6 

West 

down 

up 

54 28 00 

28 10 

54 28 05 

7 

West 

down 

down 

42 37 30 

37 30 

42 37 30 

S 

West 

up 

up 

43 03 00 

03 20 

43 03 10 


h m 

Time of beginning 9 55 
Time of ending 10 25 


Temp 27 2 
Temp 27 6 


CO log (H= 0 20085) 

0 0971 

co log tan (2=70° 25') 

9 5511 

log tan ui) 

6 0047 

co log tan } jCua+ui) 

1 0172 

log (h=Q 0074) 

7 8701 

log (M37 4 = 097) 

2 8432 

log (m=5 17) 

0 7133 


2 wi East (1-3) 
2 ui West (6-8) 

Mean 

h ui 

2u 2 East (2-4) 
2 u> 2 West (5-7) 

Mean 

b 2 (d/o— i/i) 

hiUi+Ui) 


10 27 10 

11 24 55 


10 56 02 
2 44 00 


10 32 25 

11 30 40 


11 01 32 
2 45 23 
1 23 
5 29 23 


DISTRIBUTION COEFFICIENTS 

The quantities P and Q m the deflection formula are called the 
first and second distribution coefficients and their values could be 
computed from the dimensions of the magnets by means of the 
formulas of Boigen or Hai tnell, piovided the ratio of distance be- 
tween poles to length of magnet was known This ratio is difficult 
to determine with accuracy and appeals to be difteient lor different) 
magnets, so that only approximate lesults can be obtained by that 
method 



FIGURE 3 -INDUCTION APPARATUS 


i 


i 
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For Lamont’s first position, the one in common use m horizontal 
intensity observations with a magnetometer, 

P = 2 P— 3 ?i 2 

Q= 3 P-mv+^k* 

The above equations foi P and Q make it possible to determine 
approximately the i dative length of the two magnets which will make 
P oi Q zeio loi the fust position ol Lamont, assuming that the latio 
of pole distance to length ol magnet is the same m the two magnets 

When P = 0 2 1 2 = 3l x 2 and l = 1 2257i 

When Q = 0 3? 4 - 15/ 2 7 1 2 + -|Z 1 4 = 0 and 7 = 2 15^ 


Hartnell's development calls attention to the tact that the dis- 
tribution coefficients aie functions not only of the dimensions of the 
magnets but also ol then i dative positions Thus the values ot P 
and Q ioi deflections m the hist position ol Lamont aie quite different 
horn those loi deflection** m the second position He also pomts 
out that loi anv paiticulai pan ol magnets P and Q must beai a 
ccilain definite idation to each othei loi each deflection position 
Boigen concludes that on the aveiage the pole distance is a little 
moie than foui-filths the length of the magnet, but it appeals that 
thLs latio may m some cases exceed 0 85 In view of this uneeitamty 
it is desnable to dcuve P and Q fiom obseivations, oi at least to 
combine obseivations with the above foimulas m then derivation 
It is evident that it deflection obseivations are made at three distances 
there will lesult three equations ol the form 


II _ 


2 

Sill 


JHOOWD 


it will be seen that it should be possible to determine P and Q by 
solving these thiee equations lor the thiee unknowns Il/M, P , and Q 
For, if the deflection distances and the induction coefficient ^ have 
been accurately deteimmod and the deflection angles accuiately 
measmed the value ol II/M should be the same, no mattei at what 
distance the deflections are made, and the proper values oi P and Q 
should bung about this agieement 

Suppose that obseivations are made at the three distances ? lf i 2y 
/ 3 and that the conc&pondmg obseivcd angles of deflection aie u l7 

Vi 


Lot 

/F sm ui a 

sm u 2 i 

/ 1 3 sm . 

afi-^ 


v /.v 

V /// 

V / sV 


Then 

/3 1 ) + ^W( /i 4 ~ rtf 

t/) \r A 2 >2\>i 2 - i/) 


^ / 1 2 2 r r?) + A 2 r?(r ?-h 0 
1 A x iS0/-rS)-\-A 2t3 \tf- ArfW- ^ 2 ) ^ 


It is convenient to note that loi each distance A = (r s /2 + sm u 
and that the quantity m paientheses may be legaided as constant 



32 


DIRECTIONS FOR MAGNETIC MEASUREMENTS 


With the limited range of distances usually available these foimulas 
are very sensitive to errors of observation, and no attempt should 
be made to use this method unless an extended senes of observations is 
available, so that mean values of A u A%, A z may be used m the 
computation It is preferable to determine the value of one of the 
coefficients from the dimensions ol the magnets, usmg an average 
ratio of pole distance to length ol magnet, 01 by companson with other 
instruments of the same type, and then compute the other coefficient 
from the deflection obseivations In any case the fact should be 
borne in mmd, as pomted out by Haitnell, that P and Q are not 
independent quantities, but both beai a definite relation to the pole 
distances of the two magnets 

Where the lengths of the two magnets are such that Q is nearly 
zero, the term QjA becomes so small that it may be neglected and 
the value of P may be computed Irom deflections at two distances 
Usmg the same notation as above 

1+ z 

A 1 _ + r 1 2 , A x - A 2 riW(Ai- A 2 ) 

A 2 _ , P and ^~A 2 A~ A 2 r 2 2 - Arf * 

+ r, 2 7?~i 2 * 

As log Ai and log A 2 are usually the available quantities instead 
of Ai and A 2 , the formula may be modified as follows for convenience 

Log Ai~ log A 2 = log (l + ^)- log ( 1 + 

L °g( 1 + ^)= 1 °g 1 oe( 1 °ge (l+^)) = log loe (^-^4+^- 6 • ) 

L °g (l +|)=logio« (log. (l+|))=loW (^-|? + S ) 

/ P P P 2 P 2 P 3 P 3 \ 

Log 4,-log 4,-lw ) 

For small values of P (less than 5) the teims involving higher 

E oweis of P than the fiist may be neglected and the equation then 
ecomes 

Log Ax- log yl s =P log we (~ 2 — 

Hence P = iog e 1 Ax - log A 2 ) 

For deflection distances of 30 cm and 40 cm this becomes 


# P = 4737 (log A\ log A%) 

Using the same approximation, values of log^l -f^^and Iog^l +~T) 
may be readily obtained directly from (log ^4i— log A 2 ). 

P 


For 


log(l+p)=logi 0 ep 
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Substituting the above values of P in this equation 

log ( 1 + -^) = 2 (log Ali - log -4i) = - 7 - Gog A,. - log A 2 ) 

J og [ 1 + - - 2 Gog Ai — log 40=1 (log A i log All) 

mental cocdTicients being foi ri^O cm and /2 = 4 0 cm 
W r hen P i& large this approximate formula gives a value ol P which 
is ^ little too small, but the necessary coneetion can leadily be found 
in "the following manner With the approximate value Pi compute 


Then 


quantities ^1 + A^and ^1 -f 


P = Px+log, 10 [log A\ log ^ 2 -log (l + ^) + log (l+^)] 

For exunple, suppose 1 1 ~=- 30 (in , / 2 =^40 cm , and log a h — log ./h = 

0 00 100 Then 14 211, ( 1 + / -‘3 = 1 01579, 1 +-1=1 00888, 

\ 7 1 / 7 2 


log- (^l+~^ = 0 00GS04, log (^1 +~A^=- 0 003840, log — log log 
[l -f-^ + log (l+§)- 0 000036 Then P= 14 211 +4737 X 00003G 


14 211 + 0 171 = 14 3S2 


Tt is evident that a small cnoi of obseivation m the deflections will 
have a laige eflect on the accuiacy ol P, and little dependence can be 
placed on tlx lesult lioin a single set ol observations It is only 
fiofin an extended senes that a reliable value of the distribution 
COO ir Kients can be obtained It is also evident lioin the foim ol the 

(actor “T^y^that it is important to have the two deflection distances 

difFci by a considerable amount Too short a deflection distance is 
undesirable, howevei, since any uncertainty m the value ol P has 
too gicat an eflcct on the lesultmg honzoutal intensity, and too long 
a distance reduces the size of tho deflection angle so much that a 
small eiror of observation has a large eflcct on the result Foi the 
size of magnets generally used the distances 30 cm and 40 cm aie 
Ion nd to be the most satisfactory 

The atxnc formula for P may be used also to find the collection to 
an adopted value ol P required to harmonize subsequent observa- 
tions II it is found altei a scries ol obsci vations that the two 
values ol log ( If/M) computed from deflections at two distances diflei 
systematically, one being greater than the othci on the average, the 
correction to the adopted value of P is given by the foimula 


A P -- log. 


i°^[i» E Q 



the quantity in brackets being the mean value for the senes. 
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In a similar maimer Q may be computed from deflections if P is 
zero, and either one may be computed if the other has been determined 
by other means 

It is an open question under what conditions and to what extent 
the distribution coefficients of a pair of magnets may vary It seems 
quite probable that a considerable change in magnetic moment might 
be accompamed by a change m the distribution coefficients, and this 
was indicated by standardization observations covering a long period 
of years made by Dr C Chree at Kew In long senes of obseiva- 
tions at magnetic observatones theie is sometimes evidence of vana- 
bihty of P, even though the change m the magnet moment of the long 
magnet is very slow As to the magnetic moment of the short magnet 
nothing is known, but as it is made of the same matenal as the long 
magnet and kept under similar conditions, its rate of loss of mag- 
netism should not differ matenally from that of the long magnet 
The figures in the following table are derived from obscivations at 
the Honolulu magnetic observatory with a magnetometei of the India 
survey pattern Observations were made at 30 cm and 40 cm dis- 
tances The quantities in the last column are the yearly aveiages, 
expressed m umts of the fifth decimal place, of the difference between 
the values of log ( H/M) for the two distances, usmg constant values 
of P and Q adopted at the beginning of the senes They are, there- 
fore, an indication of the variability of these coefficients 


Magnetometer No 36 at Honolulu 


Year 

Number 
of sets 

jLog Mao 
mean 

(40) -(30) 
mean 

Yoar 

Number 
of sets 

Log o 
mein 

(40) -(30) 
me in 

1914 

104 

2 80648 

-1 8 

1921. _ . . 

194 

2 80468 

+4 0 

191fi _ ... 

12C 

80624 

-5 9 

1022 

208 

80462 

+6 8 

1916 

104 

80602 

-7 5 

1923 

208 

80431 

+0 7 

1917 

104 

80564 

-7 2 

1924- _ . 

208 

80413 

+2 4 

1918. _ „ . _ 

206 

80524 

-4 0 

1925 

134 

80400 

-5 6 

1919. 

194 

80504 

-3 3 

1926 

132 

80384 

-1 6 

1920- 

126 

80494 

-1 1 






Although these quantities are each the mean of moie than 100 
individual values, they are not large, and the variation m the monthly 
means is considerably greatei than the vaiiation m the annual means 
It is doubtful, theiefore, whether they represent actual changes m 
distnbution coefficients It seems more reasonable to suppose that 
they are due to some error of obseivation which has a tendency to 
remam constant for longer or shorter periods The deflection angles 
were only about 9° 5 for the short distance and 4° 0 for the long dis- 
tance, and tests showed that, m spite of the greatest care, there might 
easily be errors of circle reading of sufficient magnitude to pioduce 
variations in log ( H/M) of the order mdicated in the table 
As already pomted out, approximate values of the distribution co- 
efficients may be computed from the dimensions of the magnets, by 
usmg an approximate value of the ratio of pole distance to length of 
magnet If 2 1 and 2 k be the pole distances of the long and short 
magnets respectively, then for the first position of Lamont (disre- 
garding the small terms dependmg on the lelative diameters of the 
magnets), 

P=2V-Zl\ Q = W-l5l 1 l 2 1 +~l\ 

O 
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From the above formula it will be seen that P should be zeio when 
225 and this latio has been adopted foi the lengths of the two 
magnets m nearly all of the magnetometeis which have been made or 
lemodeled by the United States Coast and Geodetic Suivey At the 
same time it has been the practice to regaid Q as negligible and to 
detennme the value of P from deflections at two distances in the man- 
ner explained above Foi seven of the eight magnetometeis to which 
the above latio applies, the value of P deiived m this way is m cveiy 
case between 0 and —10, the aveiage value being —0 54 
To show that this assumption is justifiable, let us examine the re- 
sults foi five magnetometers of the design shown in Figuie 5, having 
magnets 7 375 cm and 6 025 cm m length, i e , m the latio of 
1 224 to 1, and arranged foi deflections at distances of 30 cm and 
40 cm Using Borgen’s latio of pole distance to length of magnet, 
his foimulas give 

P = 0 Q = -350 

Now suppose a senes of deflections at the two distances gives on the 
average 

log A J() — log A 40 = -0 00020 

Assuming <2 = 0, P = 4737 (log A 2Q - log A i0 ) =-095 

which is about the uppei limit of the values found lor this type of 
magnetometei On the othei hand, if we assume P = 0, Q may be 
computed by the foimula 

Q=log 0 10— (log xlj - log A,) = —540 

7 2 ~'l 

Finally, wo may adopt tlio value ol Q 350 computed liom Boi- 

gen’s foimula, and find the value of P which will satisfy the equation 

lo S (l+^+3)a>-log (l+p+^)40= -0 00020 

P Q 

As ^ and ■- aie both voiy small quantities, wo may put 

l °S ( 1 +p+^)=log(l + p)+log (l+J?) 

Henee log ( l + - log ( 1 + 

= log (l + ^) 10 -log (l+ ^ 30 - 0 00020 = - 0 00007 
/ J = 4737 (-0 00007) - -0 33 


and 
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The effect of the different values of P and Q on the i ©suiting value 
of H may he determmed by computing the value of log ^1 + ^ + ^ 
for the three cases 



P«=— 0 95 Q=0 

P=0 ^ 

)= — 546 

-0 33 

Q— —350 


r=30cm 

r=40cm 

r=30tm 

r=40cm 

r=30cm 

r=40cm 

p 

-0 001056 

-0 000594 

0 

0 

-0 000367 

-0 000200 

r* 







Q 

0 

0 

-0 000074 

-0 000213 

-0 000432 

”0 000137 

r* 







P Q 

H — 1— 

098944 

999406 

999326 

999787 

999201 

999657 

r 2 r* 







log ( 1+— +-') 

9 99964 

9 99974 

9 99971 

9 99991 

9 99065 

9 99985 

\ r» rv 







Mean 

- 00030 

- 00019 

- 00025 


It will be seen that the difference between the login ithms of the 
factor for the two distances is m each case the assumed difference 
between log Am and log A 40 , but the mean of the two is gioatest loi 
the assumption that P = 0 and least for the case m which To 

determme the effect on a resulting value of H we must take the square 

root of or divide its logarithm by 2 The effect of the 

above three combmations of distribution coefficients would therefore 
be to dimmish the value of log H by 0 00018, 0 000095 and 0 000125, 
respectively The ratio of the first two values is the numbei of which 
the logarithm is 0 000085 or 1 0002, that is, they diflci by only 1 pait 
m 5,000 Consequently the enor involved in the case ol the Coast 
and Geodetic Survey magnetometers m assuming that Q is negligible 
- does not amount to mote than 1 pait m 5,000 in II and is piobably 
less than that, and is therefore well within the probable crroi of 
observation and reduction in field work undei lavoiable conditions 
However, it enters as a constant error, but this, as well as other 
enors m determination of instrumental constants, is taken care of 
m the instrumental correction which is based on comparison obsei- 
vations with the standard magnetometer at Cheltenham 

DEFLECTION DISTANCES 

In a magnetometer with fiber suspension it is impossible to avoid 
a shght variation in the relative positions ol the suspended magnet 
and the deflection bars and a corresponding variation in the deflection 
distances To eliminate the error to which this might give rise, the 
mstiuments are made either with two deflection bais, one on either 
side, or with a single bar having its middle point ovei the center of the 
magnetometer The deflection observations can then bo made one- 
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half with magnet. cast and onc-hali with magnet west, and a small 
increase ol the deflection distances on one side will bo balanced by a 
dec lease on the othei side 

The distance between corresponding marks on the two bar-. 01 on 
tlu tw r o halves ot the single bai is twice the deflection distance With 
the single sliaight bar, such as is used in the Kew and Indiu suivey 
pattern magnetometers, this is icadily obtained by cliiect compaiison 
with a stanchud mctei E\pennients at Kew have shown that bai -> ol 
this typo lecpme a slight collection lor bending, amounting to an 
lnciease of about 1 part in 10,000 in the case of the instillments ol 
tlie lattei type m use by the Coast and Geodetic Suivey (Fig 6 ) 

In the Coast and Geodetic Suivey pattern magnetometei (fig 5) 
the two bars are so constructed that then mnei ends overlap and aie 
held togethei by two screws It is thus possible to fasten them to- 
gether when not m position on the magnetometei and measuic the 
deflection distances as icadily as foi a single bai These liars aie 
a oi y light, since the outoi ends aie hollow, and it has theiefoic been 
consideied unnecessary to investigate the question ol bonding 

MAONI ll( SI AN I) AIIDS 

Even though the mstaumcntal constants have boon dctcjnunod 
with caio and all neccssaiy piccautions have been taken m adjusting 
the installments, it is usually found that simultaneous obsei\ations 
wnth difteient installments do not give exactly the same lesults 
For decimation with magnctometeis tlie difleience is usually not 
much gxeatei than the cuor ol obseivation, but lor horizontal 
intensity and dip and loi decimation with compass declinometers 
the diflcienccs aie m most cases too laige to be disxegaidcd In (he 
ease of horizontal intensity, the difference may he due to oirois m the 
determination of the mstiuniental constants oi to small magnetic 
impmitios m the constituent pails ol the mstiurncnts, or to other 
unknown causes In the case ol dip with a dip circle, the outstand- 
ing cause of diflcienccs is impeifect needle pivots, with an eaith 
inductor slight maladjustments aie usually lesponsible Foi this 
reason it is important that the lesults with difleient field installments 
be reduced to a common basis by means of caieful comparisons of 
the different instruments with each other or with a standard instill- 
ment It is also important that the standaid mstiuments ol diflei- 
ent observatones and of different countries bo compared, eithei 
duecily ox indirectly, so that all magnetic surveys may be reduced 
to the same standaid 

Such an mtci comparison of the standard instruments of the princi- 
pal obsorvatones ot the world has been made, either dnectly or 
indirectly, hugely by observers ot the Carnegie Institution ol Wash- 
ington No one ol (ho instruments thus compared can be said to be 
without enoi, but by considering the results of all of the comparisons 
it has been possible to derive a sot ol international magnetic standaxds 
which coi respond approximately to an average of all the instruments 
The standaid thus derived for horizontal mtensity could not be con- 
sideied an absolute' standaid, however, loi while most of the constants 
ol a magnetometei can be do hummed m absolute units, the uncer- 
tainty ol the polo distances of the magnets used might introduce an 
crioi 
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To investigate the possibility of such an error, instruments employ- 
ing only electrical standards and lmeai distances susceptible of very 
accurate measurement have been made and the results obtained 
with them confirmed the adopted mternational magnetic standard 
for horizontal mtensity to a remarkable degree These instruments 
make use of the principle of a sine or tangent galvanometer 

A simple magnetometei mounted on a graduated horizontal circle 
is inclosed by a coil of insulated wire of known dimensions When a 
current is passed thiough the wire the suspended magnet is deflected 
out of the magnetic meridian through an angle which is a measure of 
the ratio of the mtensity of the field produced by the current and the 
horizontal component of the earth’s field If the strength of the 
current and the dimensions of the coil are known, the horizontal 
mtensity can be computed In the sme galvanometer form the same 
lelative positions of magnet and coil are maintained by turning the 
instrument, as m the deflection observations with the ordinary 
magnetometer, and the deflection angle is read directly on the hori- 
zontal circle It is reported that some instruments of this type have 
been used successfully m field work, but the method has not yet 
had sufficient trial to justify the conclusion that it is preferable to 
the ordmary magnetometer method It is claimed that results of 
greater accuracy can be obtamed m less time, but the constancy of 
the standard cell, standard resistance, and potentiometer involved 
m the measure of the current aie not yet assured under field conditions 
The mstrument is better adapted to use as a standard at a base 
station Figure 4 shows one of these mstruments designed and made 
by the Carnegie Institution of Washington 

It is also found that there may be a change m the relation of two 
mstruments to each other with lapse of time, especially if one or 
both have been subjected to the unfavorable conditions mcident to 
field work Hence it is important that comparisons of standard 
mstruments be repeated from time to time and that field mstruments 
be compared with a standard mstiument as often as conditions per- 
mit It is the practice of the Coast and Geodetic Survey to require 
a comparison at the beginning and close of every field season When 
two observing parties meet m the field, advantage should be taken 
of this opportunity to get an additional check on their mstruments 
by making comparison observations 

COMPARISON OF INSTRUMENTS 

The most desirable method of comparmg two mstruments is by 
simultaneous observations at two stations not far apart, with inter- 
change of stations m the middle of the senes m order to determine 
how much, if any, the earth’s magnetism differs at the two stations 
In the selection of the stations an effort should be made to avoid 
areas of local disturbance, when it is necessary to make companson 
observations m such an area, care should be taken at each station 
to have the magnets of both mstruments at the same height above 
the ground 

The mterchange of stations is not always possible, however, par- 
ticularly at an observatory where the standard mstruments are 
mounted more or less permanently on piers or other special supports, 
and m such cases some other means must be adopted to determine 
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the station difference between the base station and the auxiliary 
station, if it is necessary to establish one foi the obseivations with the 
instillment to be standardized Usually the immediate surroundings 
ol the obsei\atoiy aie lice Irom local distm banco 01 the extent of 
the distui banco has been determined m advance , but it is sometimes 
dcsnable to veiiiy pievious results by making obseivations with the 
field instrument at an auxiliary station and then making observations 
with tire same instillment as near as possible to the standard instru- 
ment, first lemovmg the magnets of the standard instrument to a sale 
distance 11 it is impossible to mount the held instrument inside the 
absolute house, it may be advisable to observe at two oi moie stations 
outside, if thcie is any question, of the pieseneo of local disturbance 
When simultaneous observations aie not possible, as, for example, 
when an instrument is sent to an obsoivatory for standardization 
and only a single obseivci is available, the records ol the variation 
instruments may bo used to determine the changes m the earth's 
magnetism between the vaiious times ol observation with the two 
mstiuments It is desirable, however, so Jar as possible, to arrange 
the observations in such a way as to eliminate, at least paitially, the 
changes m the earth's magnetism virile the observations aie m 
pi ogress Thus, a sot with one instrument should immediately follow 
a set with the oilier, the instrument used hist on one day should be 
used la'-l on the next day, part of the observations should be made 
in the morning and part m the aitomoon 

When two stations aie used, the azimuth marks foi both stations 
should be lcfeired to the same detonnmatron ol azimuth, particularly 
m those cases where there is no m tor change ol stations II possiblo, 
the auxiliary station should bo placed accurately m line to the mark 
the azimuth of which has boon determined by obseivations at the 
primary station, so that the same azimuth mark can be used at both 
stations II this arrangement is not possible, the auxiliary station 
should be placed accurately in lino to some other distant object, the 
azimuth ol which ha-, been determined by caielul angular measures 
at the piiimuy station, and this ob|oct should be used as azimuth 
maik at the auxiliary station Jn tianslerung the azimuth liom one 
station to the other by tnangulation, angles having lor one side the 
Imo joining the two stations should bo avoided, when this lme is very 
short, because the shoit sights involved aie less aceuiato 

The numbei ol sets ol obseivations to be made will depend on 
cneumstancos For field instruments six sets will oidmanly be 
sufficient, but lor direct or indirect comparisons of standard instru- 
ments at least 10 sets should bo made Whore two obscivois are 
working simultaneously, they should arrange as nearly identical 
observing programs as possiblo and start each sot togethei The 
observations ol any ono element should be extended over several 
days, not all made on the same day More than usual care must 
be exercised to bo sure that there is no artificial local disturbance 
piesont, such as magnets ol other mstiuments 

The difleicnce m the value's ol horizontal intensity icsultmg from 
observations with diflerent magnotomolc rs i-> due mainly to cnors m 
the quantities K, ju, ) , P } and Q 7 which aie deter mined independently 
and which aie assumed to be constant loi at least a season's woik 
All oi those quantities outer factonally m the loimulas from which 
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//is computed, cousoquenth the eflec I on // of tin onoi in one of 
them is duel tlj piopoilional lo // The imiedion (o he applied to 
a value of 11 with a held lumpiolomeloi in oidei (o lodiict' to stundaid 
must theieloie be oxpiessed as a la< loi oi // Koi example, li a 
magnetomelei spies a \alue II l.S7b r >7 when* I he standaid magne- 
tometei tpves I S7 '>()'/» the coiiodnm is -|,">7 \s a laotoj ol II it 
| f) j J 

1S iN7f>0 ~( )0 00,S// At anollu i station when* ohsei valions gave 

//-2. r >1297, tho toiied.mii would he --2O7 and the ( oneeted value 
2. r )l097 



DIRECTIONS FOR MAGNETIC OBSERVATIONS ON LAND 

GENERAL DIRECTIONS 

Selection of stations — The conditions to be satisfied m selecting 
a magnetic station aie lreedom fiom present and probable futuie local 
distui bance, whethei natural or artificial, combined with convenience 
of access A station on suitably situated public piopeity, 01 pioperty 
belonging to an educational institution, is to bo pietened, as it is less 
likely to be distuibed 01 affected by change of the immediate sui- 
roundmgs Proximity of electric railways, masses of lion or steel, 
gas or watei pipes, buildings of stone 01 brick should be avoided 
A quartei of a mile from the fiist, 500 feet from the second, 200 
feet fiom the third and fourth may be consideied safe distances 
The station should be at least 50 feet fiom a building of any kmd 
If any doubt anses m the selection of a station as to the existence of 
local disturbance, two mtei visible pomts 100 yaids oi more apart 
should be selected and the magnetic bearmg of the line joining them 
deteimined at each end A lack of agieoment between the two 
icsults would be evidence of local disturbance Similar tests should 
then be made in othei dnections until a satisfactoiy location is found 

Description of station — Each pomt occupied should be described 
with sufficient detail to lendei possible its lecoveiy The description 
should begm with the general location of the paik oi field m which the 
station is situated This should include the approximate distance 
and direction from the center of the town or fiom some pomt which 
can be definitely located on a map, so that a check on the latitude and 
longitude may be available In case a new station is selected in a 
town where observations had been made bcloie, the relative positions 
of the new and old stations should be given, if possible Theie should 
follow measured distances to the Jences or othei fixed objects m the 
immediate vicinity ol the station and a description of the manner m 
which the station is marked If a meridian lme is established, the 
distance to, and location of, the second stone should be given, the 
magnetic station bemg selected so as to form one end of tho lme It 
is important also to give a rough sketch showing the relation of tho 
station to surroundmg objects, indicating on it the direction of north 
(which shoufd always be toward the top ol the sketch), and tho direc- 
tion of the marks of which the true bearings are determined Care 
should be taken m the wordmg of the description, so that it will not 
be necessary to lewnte it for publication Objects lciened to should 
be cleaily desenbed, but without unnecessary words This applies 
also to the icference maiks Especial care should be taken in the 
spelling of piopor names In the case of loicign names different forms 
often occui, and the one best approved locally should be given 
It is the practice of many organizations to take photographs of the 
station and the surrounding objects, and these sometimes appeal m 
the published leports They have boon found ol great service m 
recovering an observation point by a later observei, especially when 
the pomt lrom winch the exposure was made has been well chosen 
A photograph taken standing over the station showing near-by con- 
spicuous objects, and another showing the station m perspective 
have been found most useful 
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Reference marks — These marks should be well-defined objects, as 
nearly in the horizon as practicable, and likely to be available foi 
future use The objects selected should be such as aie not apt to be 
confused with otheis or to change in position There is always 
danger m confusing, foi example, the two edges of a chimney or of a 
window opening A flagpole or lightning rod is liable to become bent 
m time, hence the base rathei than the top should be pointed on It is 
desirable to have the object selected for reference mark in azimuth 
and decimation obseivations m a southerly direction, so that it may 
be sighted upon through the openmg in the south side of the observing 
tent It should be a quartei of a mile or more from the station it 
possible, so that an erroi of 2 or 3 mches in reoccupying the station 
or a change of that amount m the position of the markmg stone 
would not materially aflect the azimuth of the mark As an angle 
of 1' subtends approximately 1 inch at a distance of 300 feet, the 
uncertainty at any given distance may be readily computed 

Markmg oj station — Every station intended for future use should 
be marked m as permanent a manner as conditions will wan ant, to 
msure its subsequent recovery Either a natural or artificial stone, 
a glazed drainpipe, or a post of hardwood can usually be obtamed 
The Coast an d Geodetic Survey supplies bronze station marks to its 
observers, and one of these should be set in the top of each marker, if 

E ossible A veiy convenient method is to make a monument m place 
y diggmg a hole of propel size and filling it with concrete A small 
form will be sufficient to square the top of the monument When a 
bronze disk is set m concrete, a nail or bit of wire should be placed m 
the hole m the stem of the disk so that it can not be woiked loose To 
avoid future disturbance, the station mark should project little if 
any above the surface of the ground and it should extend 2 feet oi more 
into the ground 

Auxiliary stations — When at any station the decimation differs by 
as much as a degree from the value indicated by the isogomc chart, 
it is customary to occupy auxiliary stations for the purpose of devel- 
oping the local disturbance Observations should first be made m 
the imm ediate vicinity (withm a few hundred feet) to find out if the 
disturbance is confined to a very small area Should it be found that 
the area is of considerable extent, observations should be made at 
four stations withm a ladius of 5 miles of the primary station If 
necessary, the observations should be extended over a wider aiea 
until it is reasonably ceitam that the general extent of the distuibed 
area has been determmed Observations at such auxiliaiy stations 
can usually be limited to either mornmg or afternoon azimuth, one 
set of decimation (magnet erect only), one set of oscillations, and dip 
with one needle without reversal of polanty 

Meridian line — When a meridian line is to be established the 
azimuth observations must be made wuth especial care and the com- 
putations revised before the stones are set The lme should be not 
less than 300 feet long (if possible not less than 500 feet), and extia 
precautions should be taken to secure the markmg stones against 
future disturb an ce 

Repeat stations — Where observations are to be made at an old 
station for the purpose of determining the secular vanation, especial 
effort should be made to reoccupy the precise pomt at which the 
earlier observations were made Any changes m the immediate sur- 
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roundings should be noted in the description of station If local 
conditions have changed to such an extent that a reoccupation is 
cleaily undesirable, tnen a new station must be established There 
may be cases, however, m which it will be best to reoccupy the old 
station and also establish a new one, e g , the old station, while not 
satisfying the lequnements of futuie availability, may still suffice to 
deteimme the seculai vanation since the formei observations When, 
owing to change m the immediate surioundmgs or defect of the 
ongmal descuption, it is impossible to locate the exact point fiom 
the measuied distances, the desned lesult may sometimes be accom- 
plished with the aid of the beaimgs of prominent objects Having 
three well-defined objects which weie connected by angular measuies 
at the time of the former occupation, successive tuals with the the- 
odolite will seive to locate the spot at which those angular measures 
aie leproduced 

Care oj instruments — Upon lcccipt of his outfit, the observer should 
assuie him self by caieful examination that each mstiument is in good 
condition and that all necessaLy accessoncs aie included At every 
packing a mental mventoiy of each case should bo made to make suio 
that no pai t is left out Caie should be taken to keep the instruments 
m good adjustment and liec fiom dust Wheie parts must be 
assembled befoie sotting up, the beaung suifaces should be dusted 
with a camel’s han biush The beaungs should be oiled at regulai 
mfceivals, using only high-grade oil and no moic than is needed 
The plungers and screws ol the slow-motion mechanism must be kept 
fiee from accumulation of dust mixed with oil, to guaid against weai 
and lost motion Any adjustment or change which might affect the 
constants of an mstiument should be noted in the lecoid 

The magnets should be touched with the hands as little as possible 
and should always be wiped diy with clean chamois 01 solt tissue 
papci at the close of the obseivations to prevent them fiom 1 listing 
They must not be diopped 01 allowed to touch each othoi or ofchei 
lion 01 steel objects They should be kept m the mstiument box m 
the cases provided and m the places indicated The dip needles 
should be wiped with tissue papei both befoie and alter observations 
and the pivots and agate edges should be cleaned with pith In 
reversing polarities, the bar magnets should be drawn smoothly from 
center to ends of the needle, as neaily paiallel to the axis of the 
needle as possible In case the needle projects above the suiface 
of the reversing block, the magnets must not bear heavily upon the 
needle The polanty of the mtensity needles must never be reversed 
It is important that these needles be placed in then metal box with 
opposite pol antics adjacent 

Chronometer — The utmost care must be exercised in canying the 
chronometer It must be kept at as uniform a temperature as 
possible and wound at the same hour each day It must be piotected 
fiom janmg or shaking Where unusual lough travel is anticipated, 
it is well to compare the ehionometei with a well-regulated watch 
both befoie and after the journey In carrying a box chronometer 
by hand caio must bo cxcicised not to subject it to a rotary motion 
A pocket chionometcr lequnos more caieful handling than a watch 
to secuie a constant rate Past experience indicates that the best 
results aie obtained when it is earned m Ihe trouseis watch pocket 
88183°— 30 1 



44 


DIRECTIONS FOR MAGNETIC MEASUREMENTS 


At least once a week, and at every station ll possible without serious 
delay, the chronometei conection on standaid time must be obtained 
by means of telegraphic 01 ladio time signals The chronometer 
correction and rate aie given the sign with w hich they are to be applied 
For a chronometei which is fast and gaming they are both negative 
Order of observations — When a complete instrumental outht is 
supplied the observations at a station comprise Morning and after- 
noon azimuth, latitude at noon, two sets ot dip with earth inductor 
or one set with each o± two needles with dip cncle, two sets each of 
decimation, oscillations, and deflections, angular measuies between 
prominent, objects It is dcsnable that the azimuth observations 
should be made at neaily equal times (pielerably not less than two 
hours) before and aftei appaient noon, giving nearly the same altitude 
of the sun for the morning and afternoon obseivations The effect 
on the azimuth of a small enor in latitude is m that way eliminated 
Latitude obseivations should oidmanly extend not moic than 15 
minutes before or after apparent noon (maximum altitude) If a 
value of latitude is available liom pievious observations m the 
vicinity or from a leliable map, or if it is cloudy at noon and both 
morning and afternoon azimuth obseivations have been secured, 
latitude observations may be omitted Also, in cloudy weather, 
wrhen satisfactory mornmg or afternoon azimuth observations have 
been secured and a reliable value of latitude is available, further 
azimuth observations may be onutted m order to avoid serious 
delay m the progiess of the woik When the sun is visible only 
intermittently through clouds, it is advisable to limit a set of azimuth 
observations to two pointings, one with cncle dnect and one with 
circle reversed, mstead of the usual lour pomtmgs It sometimes 
happens that an old station is still available for use for magnetic 
observations, though all the old bearing objects have disappeared 
or been obscured and azimuth observations are no longer possible 
because of growth of trees Under such conditions it may be possible 
to retain the old station by making azimuth observations near by and 
referring the azimuth to the old station by angular measures The 
simplest way to do this is to place the azimuth station exactly m line 
with the old station and a mark suitable foi use m the decimation 
observations In this case the angles between piominent objects 
are to be observed at the magnetic station 

Over most of the LTmted States the decimation and horizontal in- 
tensity are usually changing more rapidly m the morning than m the 
afternoon, and it is prefeiable to make the magnetometer observations 
m the afternoon They should be made in the ordei Decimation, 
oscillations, deflections, deflections, oscillations, decimation The 
second set of deflections and oscillations should be made wuth magnets 
inverted So far as possible the observer should familiarize himself 
with the characteristics of the daily change of each element m the 
region and for the season m which he is to work, and so plan his 
schedule as to avoid measuring an element during hours of most 
rapid change At stations far removed from a magnetic observa- 
tory, particularly where the diurnal variation is laige, observations 
should be repeated, if possible, at times near maximum and minimum 
daily values of that element whose iange is large, as foi decimation m 
Alaska, or horizontal intensity withm the Tropics 
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Thermometer — The same theimometei should bo used throughout 
a set of honzontal intensity obsei vations It should be placed m 
the hole m the magnet house during oscillations and ncai to the 
deflecting magnet dui mg deflections, eithei in the end ol the deflection 
bai or (m magnetometeis ol the India suivey pattern) m the box m 
which the magnet is inclosed It should be changed horn one bai 
to the othei with the magnet Caio must be taken to stop up the 
hole in the magnet house when the thoimometer is not m it JBeloio 
beginning obseivations the thoimometer should be examined to see 
that the meicuiy column is not bioken and that none of the mercuiy 
is m the upper leecss A bioken column can usually be joined by 
holding the thermometei m the hand and striking the wrist sharply 
against the knee, oi by attaching it securely to a strmg and swinging 
it rapidly m a cnclo 

Agreement of results — Befoio leaving a station the computation 
should be earned fai enough to show that theie is nothing essentially 
wrong with the obsei\ations In good woik two consecutive sets ol 
azimuth should agiee within one minute and the morning and after- 
noon sets within two minutes A gieatei chlleience is usually due 
to lack ol adjustment 01 level oi the tlieodohte, 01 to a mistake m 
pointing on the wiong limb ol the sun, or m using the wrong line ol 
the diaphiagm In case the morning and altcmoon azimuth obsei- 
vations give lesults dillenng by moie than live minutes, the observa- 
tions should be lepcated 

As the purpose ol magnetic observations in the field is to obtain a 
representative value ol the magnetic elements at that place, an 
attempt to cany out the w r ork m llie piesence ol a magnetic disturb- 
ance either natural or ai tificial is likely to be cfloi t wasted Inegulai 
readmgs may be caused by an unsuspected bit ol magnetic matexial 
which moves about with the observer, 01 possibly by stiay elcctnc 
cuuents which escape to catth horn lailways oi othei industrial 
installations m the vie mity II the clistui banco has an ai tificial 
source, the movements have moie the chaiacter ol acccleiatmg 
amplitudes which do not gieatly altei the mean position 11 caused 
by a natuial distuibance the character ol the liiegularity will gen- 
erally be difleient The suspended magnet will move somewhat 
irregularly but piogiessively m a given direction at a late much 
greater than the regular daily march, and laloi will piobably return 
by the same irregular movement m the opposite direction If the 
cause is artificial the remedy is obvious, either fmd and remove the 
magnetic matcnal, oi lemove the station to a greater distance from 
the distuibmg eloctnc plant 11 it is decided that the cause is a 
magnetic stoim, and i 1 time pemnts, intciestmg and valuable mfoi- 
mation can bo obtained by makmg a careful lecoid of the behavioi 
of the suspended magnet foi so much ol the day as the storm remains 
too active for legulai woik 

Unless there is a magnetic storm m progiess, the difleient sets of 
decimation should agree within two or three minutes when they have 
been corrected approximately loi diurnal variation (See Table 8 ) 
The values of log MU foi the two sets of oscillations should not diflox 
by moie than 0 00100, and the values ol log (JI/AI ) should agree equally 
well The corresponding agreement to bo expected m the values ol 
T and u can easily be computed tox a paiticuhu magnetometer and 
a particular locality The two sots ol dip with earth indue toi should 
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agree withm a minute The difference between the results for 
“ circle east” and “circle west” should remain neaily constant from 
station to station With a dip circle, when the results for the two 
needles differ by moie than three minutes m excess of the normal 
difference of the needles, the observations should be repeated Thus, 
if previous observations show that on the average needle No 1 gives 
a value of dip two minutes greater than No 2, the observations 
should be repeated when No 1 gives a result more than five minutes 
greater or one minute less than No 2 

The record by observeis of the United States Coast and Geodetic 
Survey should be kept with hard pencil (or fountam pen) and entered 
at once on the proper form (not kept on blank paper and afterwards 
copied onto the form) All computations should be made m ink or 
inked over before the record is sent to the office The different sheets 
will be punched and fastened together m the covers provided (Form 
367), arranged in the following order (1) Description of station, 
angles connecting the azimuth mark with other promment objects, 
and chronometer correction on standard time (Form 441), (2) latitude 
observations (Form 267), (3) azimuth observations (Form 266), 
(4) azimuth computation (Form 269), (5) decimation (Form 37), 
(6) dip (Form 42 for dip circle, Form 407 for earth inductor), (7) 
oscillations (Form 41), (8) deflections (Form 39) 

Abstract — Before the record is sent to the office the computation 
should be completed and a copy made of the results and also of such 
quantities as would be required to replace the computation m case 
the record is lost (Form 442) This mcludes brief description ol 
station, chronometer corrections on standard time, sun’s maximum 
altitude from latitude observations, mean of chronometer, horizontal 
and vertical circle readings for each set of azimuth, mean readings of 
mark and magnet, mean scale reading erect and inverted for each 
decimation set, time of whole number of oscillations and effect of 
90° torsion, mean value of 2 u for each deflection distance, tempera- 
ture and time of each set of observations, the mean dip with each 
needle for each half set (before and after reversal of polarities) 
Computations — Five-place logarithms will be used In the azi- 
muth observations the means of circle readings will be carried to 
whole seconds (or the equivalent, where the leadings have been made 
to minutes and tenths), means of times to tenths of a second, similarly 
in computations For decimation observations, carry mean scale 
readings to hundredths of a division, balance of computation to 
tenths of a minute For oscillations, compute time of one oscillation 
to four decimal places, mean temperature to hundredths of a degree 
Compute deflection angles to whole seconds Dip computations will 
be carried to tenths of a minute 

To secure the best results, particular attention should be paid to 
the following points 

Be sure that all articles of iron and steel are removed to a safe distance 
before beginning magnetic observations 
Be sure that the instrument is level and the levels m adjustment before 
beginning observations , especially m latitude and azimuth observations 
Be careful to keep the magnets and dip needles dry and clean , espe- 
cially the pivots of the dip needles 
Handle the chronometer with care at all times , 
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Obseivers engaged exclusively on magnetic woik aie usually pro- 
vided with a theodolite magnetometer, an earth mductoi 01 a dip 
cnclc, a mean time pocket chronometer, a tent, and nnnoi accessories 
When magnetic obseivations are to be made only as oppoitunity ofleis 
m connection with othei branches of the field work of the suivey, the 
equipment is olten less complete, eithei a dip cucle with special 
needles for total mtensity observations and a compass attachment foi 
deteimmation of the magnetic declination or simply a compass 
declinometer for decimation alone In such cases the tiue mendian 
is usually known fiom triangulation, or else the instrumental equip- 
ment includes a theodolite and timepiece with which the necessary 
astionomical obseivations can be made 

The tent usually supplied is of the square pyramid type, with 
spreaders near the top and with one center pole made m two sections, 
and all metal paits nonmagnetic The height to the top of the centei 
pole is 9 5 feet, the height at the spieadcis is 6 75 feet The width at 
the bottom of each side is S 5 leet and at the point whei e the spreadeis 
aie msoited it is 3 5 leet Opemngs aie provided on two opposite 
sides On each of the othei two sides, 5 feet from the giound, is a 
canvas strap to which a lope may be attached to guy out the center 
ol the side ot the tent The spieaders aie fastened togethei at the 
centei by a brass bolt When m position they cross at light angles, 
then ends fitting into canvas pockets m the corners of the tent The 
two parts of the center pole aie joined on a slant cut and held togethei 
by a snugly fitting brass sleeve about 6 inches long In the top ol the 
pole is a spindle which passes through a reinforced hole m the top ol 
the tent The three guy ropes aie attached to a piece of heavy 
leather which fits ovei this spindle In hot weathei it is sometimes 
desirable to have a fly to reduce the tempeiatuie lange inside the 
lent This fly should be 10 leet in length on ea<h side and b 5 leet 
horn the apex to the middle ol the side A ring at the apex fits ovei 
tho spindle m the pole and guy ropes are attached to each cornel 

LATITUDE FROM OBSERVATIONS OF THE SUN 

In tho description of instiuments and methods which follow, the 
teim alidade will be used to designate tho upper pait ol tho instru- 
ment to which are attached the vermeis lor readmg the horizontal 
cucle and of which the motion is conti oiled by the upper clamp and 
tangent screw 

For the greater pait of the United States only approximate values 
ol the latitude and longitude can be obtamed Irom existmg maps 
it is usual, thcicloic, to mcludo latitude obseivations m the piogiam 
of woik at a magnetic station, in order that the azimuth may be 
determined lrom sun obseivations with the required accuracy 
The most convenient method involves the measurement of the sun's 
altitude at or neai apparent noon, using the small theodolite pro- 
vided lor the azimuth observations 

At apparent noon, when tho sun is on the meridian, 

being the latitude of the place <* the sun's zenith distance, and 
d its decimation, south zenith distance and north decimation being 
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consideied positive for the Noithem Hemispheie As the sun’s de- 
clination changes so slowly (the houily late ol change nevei amounts 
to 1'), no appieciahle onor is inti educed by assuming it constant ioi 
a senes ol observations beginning <1 lew minutes befoie noon and 
ending a low minutes altei noon The maximum altitude may also 
be taken as the m endian altitude The obseivations axe made m the 
manner shown in the example given below 

The obseivations should begin about 10 minutes befoie apparent 
noon and end about 10 minutes altei noon Before making the 
observations, theieloie, it is necessary to find the ehionometer time 
of apparent noon, at least approximately, by the method given below 
After setting up, leveling, and adjusting the theodolite, as explained 
later in connection with azimuth observations, the method of observ- 
ing is as follows 

Porm 207 

Observations oi Sun ior Latitude 

Station, Mansfield, Ohio Date, Saturday, August 4, 1928 

Theodolite of mpgT No IS Observer, S \ Deel 

Chronometer, No 1555 Temperature, 31 0° 


Suu’b 


Chronom 

Vertical circle 

limb 


eior time 

A 

13 

Mean 

U 

R 

h m <? 

12 29 53 

o t tr 

06 31 00 

t tt 

31 00 

Off/ 

66 31 00 

L 

L 

n oi 

113 52 30 

52 30 

Gb 07 30 

L 

L 

31 43 

52 30 

52 30 

07 30 

U 

R 

32 40 

06 32 30 

33 00 

32 45 

u 

R 

33 32 

33 00 

33 00 

33 00 

L 

L 

34 35 

113 52 00 

52 00 

08 00 

L 

L 

35 10 

52 00 

52 00 

08 00 

U 

R 

36 16 

66 33 00 

33 00 

33 00 

U 

R 

36 57 

33 00 

33 00 

33 Qf> 

L 

L 

38 37 

113 52 30 

52 30 

07 30 

L 

L 

39 25 

53 00 

53 00 

07 00 

U 

R 

42 18 

66 30 30 

31 00 

30 45 

U 

R 

43 12 

30 00 

30 00 

30 00 

L 

L 

44 14 

113 56 30 

56 30 

03 30 




Obs’d max alt 

R & P 
h 

C 

8 

<!> 

66 20 30 
-20 

66 20 10 

23 39 50 

17 11 12 

40 51 02 


With the vertical circle to the right of the telescope, point on the 
sun with its disk bisected by the vertical line of the diaphragm and its 
upper limb tangent to the horizontal line Record the time of con- 
tact as indicated by the chronometer and read and record both 
verniers, A and B, of the vertical circle Turn the alidade 180° in 
azimuth and make another pointing on the sun, but with its lower 
hmb tangent to the horizontal line of the diaphragm, again recording 
the time and vertical circle reading As the vertical circle is usually 
graduated from 0° to 360°, the reading m the first case will be the alti- 
tude of the sun’s upper limb, but the second reading must be sub- 
tracted from 180° to get the altitude of the sun’s lower limb Com- 
bining the two gives the altitude of the sun’s center and eliminates the 
vertical collimation erroi of the theodolite and the index error of the 
graduation The observations are continued for 15 or 20 minutes, 
reversing the circle after the odd pointings, as shown m the above 
example The level of the instrument should be examined after the 
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even pointings and corrected ll necessaiy II the beginning is prop- 
erly timed, the maximum altitude will occui near the middle of the 
series For the field computation the pan of leadings is selected 
which gives the maximum altitude, and their mean, altei being cor- 
lectcd tor lehaction and paiallax (Table 1), is combined with the 
sun's decimation to get the latitude The quantities foi veitical cncle 
lelt m the column headed “Mean” aie leally 180° minus the means 
ol the two veimei leadings 

Fiom the i elation 0 = 5 + f it will be seen that when the sun's decli- 
nation and the latitude ot the obseiver aie veiy neaily alike, the sun's 
mendian zenith distance is veiv small At the zenith the expressions 
“uppei limb” and “lower limb” lose their significance, and because 
ol the veiy lapid motion ol the sun m azimuth at such times, the 
obseiver is likely to become confused when it passes near the zemth 
The mean of the positions nearest noon may not be a good approxi- 
mation of the maximum altitude because ol the rapid change m 
altitude combined with the difficulty ol identifying the limb It is 
theiefoie bettei to extend the senes somewhat longei m such cases 
and lely on the moie exact methods oi computation m the next 
pai agiaph 

A moie at cui ate value ol latitude is obtained by utilizing all the 
obseivations by the “method ol cn cum -mendian altitudes,” ex- 
plained m detail m most textbooks on sphencal astionomy (See, 
loi example, Chauvenet, Vol I, p 235 ) In view of the degiee of 
accuiacy lequned m a magnetic survey, oi possible with the small 
theodolite oidmanly used, many appioximations m the method of 
l eduction to the mendian may be made 

In the sphencal tnangle having the sun, the pole, and the zenith 
loi its vertices (fig 1), 

sm /t 0 = sin 0 sm 5 + cos 0 cos 5 cos t 

in which ho is the sun's altitude at the time t bcloic oi aftei apparent 
noon 

Substituting cos t= 1 — 2 sim 

sm /to = sm 0 sm 5 + cos 0 cos 5 — 2 cos 0 cos 5 sm 2 

But sm 0 sm 54- cos 0 cos 5=- cos (0—5) ‘-cos (5—0) 

Now (0-5) oi (5-0) is the zenith distance of the sun when on the 
mendian, assuming no change m declination, in one case when the 
sun is south oi the zenith and in the othei case when it is north of 
the zenith, and ( =- (90 -h) 

Hence sm h 0 -- sm h — 2 cos 0 < os 5 sm 2 \t 

and sm h- sm ho "“2 cos 0 cos 5 sin 2 \i 

But sin h— sm ho = 2 cos ] (7H h 0 ) (sm \ Qi-ho)) 

, , 7 7 N cos 0 cos 5 sm 2 

sm 1 (A -/*«)— cos Uh+T o r 


Hence 
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The last equation is in convenient form for computing latitude 
when the sun passes close (say within 15°) to the zenith However 
as the mendian altitude h, which is the quantity sought, appears in 
the second member, an approximation must be used and a recom- 
putation with a revised value may be required 

If the sun does not pass close to the zenith, (h-ho) is small for 
circummendian observations and we may substitute A (h—h 0 ) sin 1" 
lor sin 5 (h- ho) and we may also take § (h + h 0 )=h= 90 -t Then 
the formula becomes 


ft Aq — 


cos (j) cos 8 2 sm 2 it 


sin f 


sm 1' 


or 


h-h 0 + cos <j> cos 8 esc sm f t 

sm 1" 


Let A — cos </> cos 8 esc f and m = — ■ — L ^ L 

sin 1" 

Then A = A 0 -f Am and <[> = 8 + £ = 8 + 90° — h 

If preferred A may be computed directly from the formula 


A = 


tan</>~ tan 5 


with the aid of a table of natural tangents 

Table 4 gives the values of m for different values of t, and Table 5 
gives the values of A for different values of <f> and f 8 was originally 
used as an argument m Table 5, but the change was made at the 
suggestion of J M Baldwin of the Melbourne Observatory in order to 
reduce the size of the horizontal differences It will be seen that A 
increases as the sun’s zenith distance decreases, and the method is 
therefore not well adapted for observations where the sun crosses 
the mendian near the zenith When the observations extend more 
tnan 10 minutes from apparent noon the errors ansmg from the 
adopted approximations soon become appreciable The following 
computation of the set of observations given above will illustrate the 
method 
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Form 268 

Computation of Latitude from Circummeridian Altitudes of Sun 
Station Mansfield Ohio ** Date August 24, 1028 

h m s 

Chi on coniotion on L M T —0 29 23 
Locil mem time of app noon 12 05 56 
Chron 1 imo of appai ent noon 12 35 19 


t 
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l 
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66 20 40 
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08 35 
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45 
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+2 33 

13 


23 

33 08 


+1 47 

6 


11 

33 11 

20 36 

+0 44 

l 


2 

08 02 


+0 03 

0 


0 

08 00 

20 32 

-0 57 

2 


4 

33 Ot 


-1 38 

5 


9 

33 09 

20 38 

-3 Jb 

21 


38 

OS 08 


-l 06 

33 


59 

07 59 

20 48 

-6 59 

96 


173 

33 38 


-7 51 

122 


220 

33 40 

20 55 

-b 55 

150 


281 

08 11 





Mem 

66 20 42 




R A P 

-20 




h 

66 20 22 




f 

21 39 38 




5 

17 11 12 




0 

10 50 50 


To find the proper tunc foi beginning latitude obseivations, the 
ehionometei time of appaient noon must be known appioximately 
As it is usually needed befoie the ehionometei collection on local 
mean tunc has been dcteimincd by obseivations, it is conveniently 
denved as indicated m the lollowmg lllustiation 

In oi dei that mles ol pioeeduie may be given foi solar obseivations 
which will be applicable foi all latitudes and longitudes and be fiee 
liom confusion as to signs, it is ncccssaiy to adopt certain conventions 
North latitudes and longitudes cast of GiecnWich aie consideied 
positive When a clnonometcr oi othei timepiece is slow, its correc- 
tion is taken as positive The equation of time, E, is given the sign 
with which it must bo applied to apparent time m oidei to get mean 
or civil time This is the opposite sign to the one given w the Nautical 
Almanac When the sun is noith of the celestial equatoi its decima- 
tion is positive, when it is south ol the zenith, its zemth distance is 
positive 
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The observer will always know, at least approximately, the correc- 
tion of the chronometer on Gieenwich civil time, and from a map 
can obtain his longitude with sufficient precision for the purpose 
For the observations at Mansfield, Ohio, on the basis of an estimated 
rate from the last time signal, the chronometer was 31 s slow on 
seventy-fifth mendian time at noon on August 4, 1928, hence its 
correction on Greenwich civil time was +5 h 00 m 31 s The approxi- 
mate longitude of the station, taken from a map, was found to be 
82° 28 '5 west of Gieenwich, or -5“ 29 m 54 s On page 20 of the 
American Nautical Almanac for 1928 the equation of time is °iven 
for the even houis of August 4, counted from 0" at midnight The 
full computation, which can be materially shortened in practice will 
then be as follows 


n m s 

(1) Local apparent time of sun’s meridian passage 12 00 00 

$ longitude (or local time minus Greenwich time) _ —5 29 54 

(1) — (2) = (3) Greenwich apparent time _ _ 17 29 54 

/n\ / a\ { Equation of time, E (p 20 of Almanac) IIII +5 56 

(3) -f (4) = (5) Greenwich civil time 17 35 50 

® Chronometer correction on Greenwich civil time” I +5 00 31 

(5) (o) — (7) Chronometer time of local apparent noon 12 35 19 

Some approximations are mvolved in the above computation but 
the result is sufficiently accurate for fixing the time for beginning 
latitude., observations and for the preliminary latitude computations 
hor finding the values of t, the hour angle befoie or after apparent 
noon, m the reduction to meridian of circummendian altitudes 
greater accuracy is required For this purpose the above computa- 
tion may- be revised, usmg improved values of chronometer correc- 
tion and longitude and gettmg the equation of time for the Green- 
wich civil time of local apparent noon instead of for the Greenwich 
apparent tune Usually, however, the chronometer correction on 
local mean tune is computed from the observations of the sun foi 
azimuth and tune, and this subtracted from the mean time of appar- 
ent noon gives the chronometer tune of apparent noon The mean 
tune of apparent noon is found by adding 12 h to the equation of 
tune, bearing m mind that the sign as given m the almanac must be 
changed By subtracting the chronometer time of apparent noon 
from the chronometer tune of each observation, the corresponding 

m Table 4 “ e f0Und Thls 1S the argument re( l uired for finding m 

For obtaining the value of A from Table 5 only approximate values 
« » >. and ^ ar ® required, and these are ordinarily available from 

the prehminary latitude computations based on the observed maxi- 
mum altitude As the value of S is needed later, however, it is con- 
venient to compute it at the same time as E 

Chronometer time of observation (apparent noon)... _ 12 315 10 

Chronometer correction on seventy-fifth meridian timil I II II I II +.31 

Seventy-fifth meridian time slow on Greenwich civil time __ 5 00 00 

Greenwich civil time of local apparent noon 17 35 ^ 

cml tune for wbch the sun’s decimation is 
requu-ed Strictly, the equation of time should have been com- 
puted for this hour also, but the daily change in E is so small that 
no appreciable emir is introduced in the approximation used above 
Kefemng again to the table on page 20 of the Nautical Alman ac, 
the following arrangement is convenient where both S and E are com- 
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puted at the same time, as is the case m the computation of azimuth 
and time 


Alik 4, 192k 

Cl C T 

0 

E 

lime ol obsm ition- 

h m i 

17 r> r )0 

o / 

m s 

'J abul u \ allies foi 

lf» 

+17 12 3 

- » GO L 

J)o 

lk 

+17 10 9 

-5 '55 9 

Houily dillcitnccs 

_ 

-0 7 

+0 25 

r l lino of obsuvition— lb h 

Dijluonccs for — O b 4 
\ iluts for timo of obsen it ion 

-24 JO 

1 0 s 
+17 11 2 

-0 f 

- j 5t> 0 


The computation may be made on the back of the obseivation 
lorm, and it will then be available when office levision is made 

The pioduct Am is the difleiencc between the altitude ol the sun 
at noon and at the time t beloie 01 aitoi noon, and must, theiefore, 
be added to the obseived altitude m oidei to get the corresponding 
meiidian altitude The altitude oi the sun’s centei is found by 
combining an altitude of the uppoi limb with one of the lower limb 
The mean ol the diflcicnt lesults is collected loi parallax and rehac- 
tion ind then combined with the sun’s declination to get the latitude 

LATITUDE FROM OBSERVATIONS OF POLARIS 

It is usually moie convenient m magnetic woik to make the astio- 
nomical obseivations m the daytime, but occasionally time may be 
saved by observing at night The latitude may be determined by 
obseivmg the altitude of the pole stai, when the longitude and local 
meantime aie known, using the loimula 

<; p — li—p cos / + — 2 )2 Slrr> f sin l r/ fan 

t being the hour angle of the stai , p itspolai distance, and h the obseived 
altitude conected foi 1 eh action The 1 el 1 action may bo obtained 
horn Table 1 ll the tabular quan titles aie me leased by 8" 8 cos h, 
the amount of the solax paiallax When obseivations aie made at 
upper oi lowei culmination, the loimula becomes 

<p = h T p 

The right ascension and declination of Polans foi the fiist day of 
each month arc given m the Nautical Almanac Theie also will be 
found a table (Table 1) giving the difleiencc m altitude ol the stai 
and the pole at any houi angle, computed foi latitude 45° and the 
mean declination of the stai foi the year, and explaining how the 
method is to be used The coi responding Table i m the American 
Ephemcns gives moie detailed mloimation, loi use when results ol 
gieatci accuracy aie desired 

DETERMINATION OF THE TRUE MERIDIAN AND LOCAL MEAN TIME 
BY OBSERVATIONS OF THE SUN 

The following method is the one usually employed to determine 
the true meiidian m connection with the magnetic observations ol 
the Coast and Geodetic Survey It is more convenient than others 
m that it may be employed dining daylight when the magnetic 
observations aie m progress Ln c ounce tion with the time signals sent 
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out by telegraph from astronomical observatories it furnishes the 
means also of determining approximately the longitude of the place of 
observation It requires a theodolite with a vertical circle and pus- 
matic eyepiece for observing the sun and a well-regulated time- 
piece The observations at a place usually consist of foui mdependen t 
sets of observations, two m the morning and two m the afternoon, 
each set compnsmg four pointings on the sun and two poin ting s on a 
reference mark symmetrically arranged as in the example" given 
below For each pointing on the sun the time is noted, and the 
horizontal and vertical ciicles are both read For the best icsults 
the observations should be made not less than two hours from appai - 
ent noon and with the sun’s altitude less than 50° 

ADJUSTMENT OF THE THEODOLITE 

Before beginning observations it is necessary to see that the theod- 
olite is m good adjustment, especially as regards the levels 

To adjust the levels — After mounting the theodolite on the tnpod, 
set up the instrument over the station maik with the tnpod head 
approximately level and the legs planted fiimly in the giound 01 
restmg on suitable stubs Many small theodolites aie piovided with 
a quick centeimg device, by means of which the accuiate setting 
over the station mark is made after the tripod has been fixed in 
position Turn the alidade until one of the levels is parallel to the 
line joining two of the leveling screws Bring the level bubble to the 
center of the vial by means of the leveling screws Bung the bubble 
of the second level to the centei of its vial by moans of the third 
leveling screw (by the other pair of leveling screws, if theie are foui) 
If necessary, repeat the operation until both bubbles aie m the 
center Then turn the alidade 180° in azimuth If the levels aie 
out of adjustment, the bubbles will no longer be in the center ol the 
vials Correct one-half of the defect by means of the adjusting 
screws of the levels and the other half by means of the leveling screws 
Return the alidade to its ongmal position and repeat the operation 
if necessary When the adjustment has been completed the instru- 
ment will be level and the level bubbles will be m the center ol the 
vials no matter in w’hat direction the telescope is pointing 

When the instrument has only a single level, as m the case of mag- 
netometers of the Coast and Geodetic Survey pattern, the process 
must be modified somewhat The level is adjusted as before bv 
noting the change of the position ol the bubble after the alidade has 
been turned through an angle of 180° When the bubble remains in 
the center of the vial foi the two positions paiallel to the selected pan 
of foot screws, then turn the alidade 90° and bring the bubble to the 
center of the vial by means of the third leveling screw (or the othei 
pair) It may be found necessary to make a further adjustment of 
the level and again bring the bubble to the center of the vial lor two 
positions 90° apait before the bubble will remain m the center ol the 
vial no matter in what position the telescope is pointing 

To insert new cross wires — The cross wires of a telescope aie at- 
tached to a metal img which is held m position neai the eyepiece by 
four capstan screws They may be spider threads (obtained lioin 
a cocoon, not from a web), oi fine platinum wne, or, more commonly, 
lines etched on a thin piece of glass, called a diaphiagm, which is 
fastened to the ring by shellac An extra diaphragm and a small 
bottle of shellac should be kept with the instrument so that the 
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observer may insert a new diaphragm should he be so unloitunate as 
to bieak the old one To do this the eyepiece is lemoved, the img 
taken out, and the lemains ot the old diaphiagm and shellac cleaned 
off The rmg is then laid on a piece of white papei and the new 
diaphragm placed m the position indicated by lines on the rmg and 
fastened by shellac aiound the edges The img is then put back in 
the telescope tube, and ad]ustcd in position by means ot the capstan 
scicv\s as explained latei 

To adjust the eyepiece — Dnect the telescope toward the sky 01 a 
uniformly white wall and move the eyepiece m oi out until the image 
ot the ci oss wiies appeals shaip and distinct Then direct the tele- 
scope towaid a distant object and adjust the object glass by movmg 
it m or out until the image ot the distant object appears shaiply de- 
fined If these adjustments have been made pioperly the two 
images should be m the same focal plane and the telescope should be 
hee liom paiallax, that is, theie should be no appaient motion of 
the images lelative to each othei as the eye is moved from one side 
of the eyepiece to the othei If the vei iical cioss wne is perpendicu- 
lai to the honzontil axis oi the theodolite, an object which has been 
bisected by one pait oi the wne will continue to be bisected thiough- 
out the length oi the wne when the telescope is 1 evolved about its 
horizontal axi*. It this is not the case the capstan sciews should be 
loosened and the img carrying the cioss wnes lotated slightly about 
the optical axis In the field the veiticahty of this cross wne may be 
tested by pomtmg on the veiti< al edge ot a house At the same time 
the hor izontality oi the tiansveise axis oi the telescope may be tested 
by turning the telescope m altitude and seeing whethei the edge of 
the house remains bisected ioi a considerable change m altitude 

To adjust the vcitical c/oss* wi/e jo? colli motion — Point at a well- 
defined distant ob]C( t Turn the alidade ISO 0 m azimuth and reveise 
the telescope and point on the object again The amount by which 
the dilloiciKe oi the two-on < le leadings difleis horn 180° is twice the 
eiiot oi (ollimation and may be collected by movmg laterally the 
ring canying the cioss wires, by means oi the capstan sciews on the 
sides ol the telescope tube When the telescope is mounted eccen- 
tncally, as it is in some magnetometers, allowance must be made lor 
that lact m adjusting loi colli mation Two marks must be provided 
which are twice as iai horn each othei as the optical axis ol the tele- 
scope is liom the vcitical axis ot the instrument 

This adjustment is usually attended to by the mechanician betoie 
the instrument is sent liom the office and raioly needs to be repeated 
in the field unless it becomes necessary to insert new cross wires, since 
the observations aie so ananged as to eliminate small enors of col- 
limation 

To adjust the vcitical cvcle to read zero when the telescope is level — 
While the observations are usually so ananged as to eliminate the 
eflect oi index eiior oi the vertical aide and vertical collimation 
erroi ot the telescope, it is desirable to keep that erroi small so that 
a setting on the wiong limb ol the sun or an on or m reading the 
circle may be more readily discovered This adjustment is made by 
means ot a slow-motion screw winch operates on an aim ot the fiame 
carrying the vcimois by which the veitical circle is read Bisect a 
distant object with the horizontal cross wire and read the vertical 
cncle Turn the alidade 180° m azimuth, invert the telescope, and 
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again point on the object and read the vertical cncle If the sum of 
the two readmgs differs from 180°, conect foi half the difference by 
means of the slow-motion screw which moves the vermeis When 
this adjustment has been made, the level attached to the vernier 
frame may be adjusted also In some theodolites the veitical cncle 
is not attached rigidly to the telescope, but is held by friction or by 
a clamp In making the above adjustment lor an instrument of that 
class, a first approximation is obtained by shiitmg the position of 
the graduated circle and then the process is completed by movmg 
the verniers a 


OBSERVATIONS 


Having leveled and adjusted the theodolite and selected a suitable 
azimuth mark, a well-defined object nearly m the horizon and more 
than 100 yards distant, the azimuth observations are made m the 
following order, as shown m the sample set given below 

th i e ma ? k Wlth vertlcal circle to the right of the telescope 
y ^ i an< * rea( * horizontal circle, verniers A and B Reverse 
the circle, invert the telescope and pomt on the mark agam this 
time with vertical circle left (V C L ) Place the colored glass m 
position on the eyepiece and pomt on the sun with vertical circle 
felt, bringing the horizontal and veitical cross wires tangent to the 
sun s disk At the moment when both cross wires are tangent note 
the time by the chronometer If an appieciablc interval is required 
to look from the eyepiece to the face of the chronometer, the observer 
should count the half-seconds which elapse and deduct the amount 
from the actual chronometer reading The horizontal and vertical 
circles are then read and recorded A second pointing on the sun 

1 or,o WS ’ ? s !? g ^, e same limbs as before The alidade is then turned 
18U and the telescope inverted and two more pointings are made 
but with the cross wires tangent to the limbs of the sun opposite to 
those used before reversal This completes a set of observations 
A second set usually follows immediately, but with the order of the 
pointings reversed, ending up with two pointings on the mark 
Between the two sets the instrument should be releveled if necessary 
I o avoid the necessity of turning both tangent screws m making: 
a setting on the sun, it is convenient to clamp the circles with one 
cross wire slightly in advance of the limb and then wait until the 
limb moves up to it, at the same time keeping the other cross wire 
tangent by means of the tangent screw As the vires are seen more 
distinctly when brightly illuminated, the Irnibs to be observed should 
be so selected that one wire may cross the sun’s disk until the moment 
of tangency is reached The observer must be sure to pomt on 
opposite limbs m the two halves of a set, so that the mean of the 
four readmgs will refer to the sun’s center If he should make the 
mistake of pointing on the wrong limb, the reading must be corrected 
tor the sun s diameter For a vertical circle reading the correction 
is the diameter, which may be obtained from an ephemens of the 
sun or with sufficient accuracy fiom the second column of Table 3 
or a horizontal circle reading, the sun’s diameter must be divided 
by the cosine of the sun’s altitude m order to get the desired cor- 
rection The values for altitudes from 1 0° to 70° are given m Table 3 
The apparent position of the sun with reference to the cross wires 
must Be mdicated m the first column of the form 
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Form 206 

Observations of Sun for A/imuth 
S tation, Mansfield, Ohio 
Theodolite of mag’r No >S 
Chronometer No 1 r >5 r > 

Mark, Schoolhoust bcllrj 


anij Time 

T> it< Situidi\ Vugust 4, 1928 
Obstnu s V I)<d 
Tunpti ituri, 20° 0 


Sun’s 

limb 

V C 

Chronomo 
tir linu 


r 

Mark 


L 




h m <? 

SI 

L 

10 01 47 


L 

01 00 

IQ 

R 

01 1f> 

IQ 

R 

06 07 



10 03 55 0 

P 

R 

10 07 r >‘) 

ij, 

h 

00 10 

O 

L 

11 (12 

0 

L 

12 10 



10 10 00 S 


L 

Mirk 


K 



Hnii/ontil tilde 

\ utital c uclc 

A 

Ti 

Me in 


13 

Mi an 

o r tt 

0 // 

O / // 




2 10 17 .0 

IS 00 

210 17 15 




60 IS 30 

IS 30 

<>0 3S 30 






219 IS OS 







o t n 

/ n 

o f n 

334 no 30 

00 30 

331 00 30 

130 08 00 

10 00 

49 51 00 

334 10 00 

30 00 

3)1 10 00 

129 55 00 

57 30 

50 03 45 

155 35 00 

35 00 

355 )5 00 

40 30 00 

38 30 

49 37 15 

155 56 00 

56 00 

155 50 00 

49 50 00 

52 30 

49 51 15 



151 57 3S 



49 50 49 




R A V 


— 40 

3 >0 *>() no 

26 00 

1 »f» 2(> 00 

50 OS 00 

31 00 

50 09 30 

15') r oo 

17 OO 

1 5b 17 00 

50 22 00 

25 00 

50 23 30 

>*U 2» 00 

21 00 

330 >1 00 

12S 33 00 

35 30 

51 25 15 

-> 50 1 00 

15 00 

330 15 00 

12S 20 00 

23 00 

51 38 30 



350 )5 60 



50 51 19 




rt a p 


— 3q 

(»9 IS >0 

IS 30 

09 IS 30 




210 17 >0 

IS 00 

210 17 15 






210 IS OS 





Tho cliionoineter and endo loadings lot the Join pointings of a set 
wu con }^ mc ^ 2 > c ^ Iri oan values loi the subsequent computation 
When the veitical cncle is giaduatccl Iioni zcio to 360°, tho loadings 
mth veitioal ciiclo light give tho appai out altitude oi one Jimb ot the 
sun, while those with voi lioal < m lo Jolt must be subtracted liom 180° 
to get the a p patent altitude ol tl\e otliei hmh The mean ol the loui 
pointings gives the appaient altitude ol the sun’s c entei This must 
be couoctod loi 1 cl i action and paiallav lo net the tiuo altitude 
The value of this conet t ion is j»iv on m Table 1 loi clifleient tem- 
peiatutes and altitudes, lot average eonditions 
The iefi action doeteases with deaease in batometnc piessuie and 
theroloie deei eases with int tease ol height ot station above sea level 
ror heights above 3,000 tcct this laet should bo taken into considoia- 
non and Table 2 gives the factors by whit h a value oi iclractron Irom 
Table 1 must be multiplied in orcloi to get corresponding values foi 
baiometor leadings less than 700 nun and foi heights up to 10 000 
ii Y, aricm , approximations have been made whith do not mate- 
nally allect the value ol tho tabic loi the class ol obscivations foi 
which it is to lie used The collection loi tell action is so laige and 
uncertain neai the hon/on that obscivations of the sun should be 
avoided when its altitude is less than 10° 

It is important to test the accuracy ol tho obscivations as soon as 
they have been completed, so that additional sets may be made if 
necessary This may bo done by companng the mean ol the fust and 
iouith pointings ol a set with the mean ol the second and thud, oi by 
companng the rate ol < liange in the altitude and azimuth ol the sun 
between the fust and second pointings, tho thud and Iouith, fouith 
and lilth, lilth and sixth, and seven! h and eighth Foi the penod 
ox 15 ox 20 minutes icquued loi two sets ol obscivations the rate ol 
motion oi the sun does not change much 
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COMPUTATION 

For the computation of the azimuth of the sun and the local mean 
time from observations made m the above manner, use is made of the 
following formulas, the denvation of which has been explained in 
the first part of this publication 

ctn 2 y 2 A = sec s sec (s — p) sm (s — h) sm (s-^4>) 
tan y 2 t = sm (s — h) sec (s — p) tan }iA 

A = azimuth of sun, east of south m the morning, west of south in 
the afternoon 

4> = latitude of the place 

h = altitude ot the sun corrected for refraction and parallax 

p = polar distance of the sun at the time of observation 

S — (h (j> ~h p) 

t — the hour angle of the sun, or time of observation befoie or after 
apparent noon, expressed m arc 

The form of computation is shown, m the following example foi the 
sets of observations at Mansfield, Ohio 

Form 269 

Computation of Azimuth and Longitude 
Station, Mansfield, Ohio 


Date 

Aug 4 

Aug 4 

Aug 4 

Aug 4 


O 

/ // 

o 

/ // 

o 

/ n 

o t tf 

h 

49 

50 09 

50 

53 40 

48 

23 43 

47 23 46 

* 

40 

50 50 

40 

50 50 

40 

50 50 

40 50 50 

V 

72 

47 07 

72 

47 11 

72 

50 34 

72 50 38 

2s 

163 

28 06 

164 

31 41 

162 

05 07 

161 05 14 

s 

81 

44 03 

82 

15 50 

81 

02 33 

80 32 37 

s-p 

8 

56 56 

9 

28 39 

8 

11 59 

7 41 59 

s-h 

31 

53 54 

31 

22 10 

32 

38 50 

33 08 51 

S—(p 

40 

53 13 

41 

25 00 

40 

11 43 

39 41 47 

log sec s 


0 84234 


0 87093 


0 80771 

0 78437 

“ sec (s— p) 


0 00532 


0 00597 


0 00446 

0 00393 

“ sm (s—li) 


9 72297 


9 71647 


9 73196 

9 73783 

“ sm (s— (p) 


9 81596 


9 82055 


9 80983 

9 80531 

“ ctn 2 A 

0 38659 

0 41392 

0 35396 

0 33144 

“ ctn h A 


0 19330 


0 20096 


0 17698 

0 16672 


0 

/ // 

o 

/ n 

o 

/ if 

Oil I 

A from South 

- 65 

18 03 

- 63 

40 28 

67 

16 19 

68 38 56 

Circle reads 

154 

57 38 

156 

35 30 

253 

55 45 

255 18 52 

S Mer “ 

220 

15 41 

220 

15 58 

186 

39 26 

186 39 56 

Maik “ 

249 

18 08 

249 

18 08 

215 

41 38 

215 41 45 

Azimuth of Mark 

29 

02 27 

29 

02 10 

29 

02 12 

29 01 49 

Mean 

29 

02 09 






log sec («— p) sm (s— h) 


9 72829 


9 72244 


9 73642 

9 74176 

44 tan H t 


9 53499 


9 51548 


9 55944 

9 57604 


0 

/ // 

0 

t it 

o 

/ // 

o in 

t marc 

37 

50 22 

36 

17 18 

39 

51 44 

41 17 12 


h 

m s 

h 

m 8 

h 

7fl S 

h m s 

t 

- 2 

31 21 5 

- 2 

25 09 2 

2 

39 26 9 

2 45 08 8 

E 

+ 

5 56 6 

+ 

5 56 6 

4- 

5 55 4 

+ 5 55 4 

Local mean time 

9 

34 35 1 

9 

40 47 4 

14 

45 22 3 

14 51 04 2 

Chronometer time 

10 

03 55 0 

10 

10 09 8 

15 

14 47 2 

15 20 30 2 

At on L M T 

— 

29 19 9 

— 

29 22 4 


29 24 9 

- 29 26 0 

At on G C T 

4- 5 

0 31 2 

+ 5 

0 31 2 

+ 5 

0 31 3 

+ 5 0 31 3 

X 

- 5 

29 51 1 

- 5 

29 63 6 

-5 

29 56 2 

- 5 29 57 3 

Mean 

- 5 

29 54 5 

= 82° 28' 6 

W of Gr 
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The different steps of the computation aie most conveniently made 
m the following order 

Entei the collected altitude, mean readings of the horizontal cncle 
for the pointings on the sun and on the mark, and the chronometer 
time foi each set of obseivations m their proper places Enter the 
value ol latitude obtained fiom the latitude observations 01 other 
souice Compute the chionometei coriection on Gieenwich civil 
time for the time of each set of observations from the comparisons with 
telegiaphic time signals Unless the chronometer has a large rate 
its correction may be taken the same foi two contiguous sets of 
obseivations Compute the Gieenwich civil time of observation foi 
each set, and find from the Amencan Ephemens or Nautical Al- 
manac the sun’s polar distance and the equation of time for that 
time m the maimer explamed m connection with the computation of 
latitude from circummeiidan altitudes The succeeding steps 
require httle explanation As the hoiizontal circles of theodolites 
are with few exceptions graduated clockwise, and as the sun is east 
of south m the moinmg and west of south m the afternoon, it follows 
that m 01 dei to find the horizontal cncle leading of the south pomt, 
the azimuth of the sun must be added to the circle leading of the sun 
foi the moinmg obseivations and subtracted fiom it foi the after- 
noon obseivations The hoiizontal cncle leading of the south pomt 
subtracted fiom the mark reading gives the azimuth of the mark, 
counted lrom south aiound by west from zeio to 360° 

For the computation of t, the logarithms of sec (s — p) and sm ($ — h) 
are found m the azimuth computation and their sum can be written 
down m its pioper place From that must be subti acted log ctn }A 
to find log tan \t The coirespondmg value ol t is the time before or 
after appaient noon If m the case of the morning obseivations 
ctn \ti be substituted foi tan \t, ti will be counted fiom midnight 
The difference between the chionometei collection on local mean 
time and the collection on Gieenwich civil time is the longitude of 
the place of observation 

Checks — The compute! will find the following lelations helpful m 
guarding against errois of computation The sum of the last 
three angles ol the four in the foimula is equal to the first, that is 
(s-^)+(6-/i) + (s~<#>) = S but account must be taken of the fact 
that (s—p) is sometimes negative After completing the logarithmic 
computation it is convenient to note that log tan -}t may also be 
found by subtracting the sum of the fiist and fourth logarithms from 
log ctn l A, so that 

log ctn \A = log tan ^ + log s-f log — 

If we regard A and t as negative m the mormng when the sun is 
east of south, and positive m the afternoon, the pioceduie may be 
expressed as follows 

South mendian i ead mg = circle leading — A 

Azimuth of mark = maik reading — south meiidian leading 

When the mark reading is less than the south meiidian reading, it 
must be mcieascd by 360° m oidei that the azimuth may conform to 
the accepted practice of counting from south around by west from 0° 
to 360° 

88183°— 30 5 
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In the case of t, confusion between a m and p m may be avoided 
if time is counted from midnight to midnight from 0 h to 24 h The 
chronometer readings for the afternoon obsei vations must be increased 
by 12 h , and 12* must be added (algebraically) to t, considering t as 
negative m the morning In the Nautical Almanac E is given with 
the sign with which it must be applied to mean time m order to get 
apparent time, but here, as already noted, it has been used m the 
opposite sense 

Mean time = apparent time + E 

If we consider east longitude as positive, we have 

Local appai ent time = 1 2 h + 1 
Local mean time =12 h + t + E 

AtonLM T=L M T— chron time (of observation) 

X = A# on Greenwich civil time — Atf on L M T 

It sometimes happens that a set of azimuth observations is unduly 
prolonged because of flying clouds A set usually takes only five to 
eight minutes, and when it is assumed that the rate of change of the 
sun’s azimuth and altitude is constant for that interval (which is done 
when the foui pointings are combined to a mean) it does not introduce 
a material error When the observations require 15 or 20 min utes, 
however, the assumption is not always justified, and a computation 
of the pointings separately may be needed When a set is stopped by 
clouds without the fourth pointing, the mean of the first two pointings 
must be combmed with the third m order to eliminate the effect of 
semidiameter of the sun, as well as the collimation correction of the 
telescope and the mdex error of the verniers, from the mean quantities 
to be used m the computation 

The angular measures connecting selected promment objects 
(Form 441) are convemently made in connection with the mark read- 
ings at the close of the azimuth observations The various marks 
should be pomted on successively with vertical circle left and then m 
the reverse order with vertical circle right They should be well- 
defined objects not liable to be confused with similar ones near by 
The edge of a chimney, for example, is not a desirable mark, as there 
is always danger of confusing the edges as they appear to the naked 
eye with their reversed position as seen through the telescope 

DETERMINATION OF THE TRUE MERIDIAN BY OBSERVATIONS OF 

POLARIS 

The true meridian may also be determined bv measuring the angle 
between Polans and a reference maik, when the local mean tim e is 
known The most convement time for observing is just after sunset, 
when the mark does not require illumination The azimuth of the 
star from the north is computed by means of the formula 


cos <j> tan 8 — sm <t> cos t 

in which t is the houi angle of the star bef oi e or after upper culmina- 
tion and 8 is its decimation For the purposes of magnetic work it is 
sufficient to know the local mean time within one or two minutes 
At elongation the change m the azimuth of Polaris is inappreciable 
for a considerable interval and even a less accurate knowledge of the 
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time will suffice When the local time is not known the time of 
culmination of Polans may be determined with sufficient accuracy 
from a knowledge of its position with relation to C Uisae M a] oris or 

8 A^detaded explanation of these methods ol deteimmmg the true 
meridian, together with tables to facilitate their use, will bo iound in 
Special Publication No 126, Magnetic Decimation m the United 
States m 1925 Tables IV, V, and VI of the Amencan Ephemens 
contain the necessary data m gi eater detail 


DETERMINATION OF THE TRUE MERIDIAN BY OBSERVATIONS OF 
THE SUN AT APPARENT NOON 

In field observations it is desirable to know as soon as possible 
whether the magnetic declination is about normal at the place ol 
observation An approximate determination ol the true meiidian 
may easily be made in connection with latitude observations at noon, 
if the longitude is known approximately 

From the longitude of the place, the chionometer correction on 
standaid time and the equation ol time, the chronometer time of 
appaient noon 01 the sun's meiidian passage may be computed Ihis 
can be done appioximately m advance When the latitude observa- 
tions aie in piogiess the woik can be arranged so as to make a pointing 
on the sun at the computed time, with the vertical cross wire bisecting 
the disk A reading of the honzontal cnclc lor this setting combined 
with a subsequent pointing on the maik will give an approximate 
value of the azimuth of the mai k The err or in the i esultmg dn ection 
of the meridian due to an uncertainty in the chronometer correction is 
indicated by the formula 

A A = cos 8 sec h A t 

In the case of the obseivations at Mansfield used as lllusti ation (see 
p 48), an orroi ol lour seconds m the collection ol the chionometer 
to local mean time (coi responding to an enoi ol 1' in longitude) 
would have resulted m an eiroi ol 2' 4 in the direction ol the true 
meridian As the cosine ol the decimation nevor diflers greatly lrom 
unity, the uncertainty increases as the secant ol the sun's altitude 


LATITUDE OR AZIMUTH FROM OBSERVATIONS ON THE STARS 

The mstruments used by magnetic obseiveis are generally not 
adapted for observations at night The inconvenience of night work 
in most places, and the dangei to health meuned, particularly m the 
Tiopics, make night woik genei ally inadvisable There are occasions, 
however, when much time can be saved by such observations, such as 
when the obseivei's latitude and the sun's decimation are so neaily 
equal as to make latitude from sun observations veiy difficult, or when 
the days are oveicast and the evenings or eaily mornings are clear 
At times an obseivei can advantageously utilize the middle ol the 
day for traveling, but has the afternoon and early morning for obser- 
vations Occasional obseivations on a blight stai or a planet under 
such cncumstances arc a distinct advantage Because ol its irregular 
motion and the uncertainty ol its limb, the moon is seldom used, 
though the Nautical Almanac gives the right ascension, decimation, 
semidiameter, honzontal paiallax, and rates of change of each even 
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hour of Greenwich civil time for every day of the year, and the time of 
crossing the meridian of Greenwich for every day Similar informa- 
tion is given for the brighter planets, and these are often useful, though 
Venus can seldom be used for latitude 

Speaking generally, the brighter stars, because of their number and 
distribution, are more useful as soon as the observer has learned to 
identify them The simple star chart m the back of the Almanac 
will prove a valuable help m identification The right ascension, 
declination, and time of crossing the meridian of Greenwich aie given 
for the first day of each month for 55 of the brightest stars, and the 
right ascension and decimation with annual changes of each are 
given for January 1 for 110 others From these a suitable object for 
either latitude or azimuth observations can usually be selected 
To find a star which crosses the observer’s meridian at a suitable 
hour, for instance between 7 and 10 o’clock m the evening, it is only 
necessary to add the sidereal time of midnight to the desired local 
mean time, and the result will be the approximate right ascension of 
the star desired From the Ephemens or Nautical Almanac a star 
or planet can be found having a right ascension and decimation which 
will bring it to the meridian at a position favorable for observation 
The computation of the latitude from such observations differs from 
that for sun observations only m the application of the correction for 
refraction and parallax As the tabular value mcludes the solar 

K aiallax and the parallax of the star is zero, the tabular values must 
e mcreased by 8" 8 cos h as explained on page 53 To make use of 
all the readings by the circummendian formula, it is necessary to find 
the time of meridian passage quite accurately This can be done by 
the following simple rule Add together the sidereal time of Greenwich 
midnight, the correction to sidereal time for the interval since Green- 
wich midnight, the correction of the chronometer on Greenwich mean 
time (positive when slow), and the local longitude (positive when 
east), and subtract the sum from the right ascension of the star 
For time and azimuth observations, any star at a suitable altitude 
and not too near the meridian may be used, if it can be identified by 
the observer Pointings must be made both with circle nght and 
circle left m order to eliminate the collimation error, etc The com- 
putation of azimuth is made accordmg to the same formula as foi 
sun observations, making the correction for refi action as explamed 
above To compute the local mean time it is only necessary to 
substitute for E the diffeience between the right ascension of the 
mean sun (or the local sidereal time of mean noon) and the right 
ascension of the star, both of which are given m the Almanac 

DETERMINATION OF THE MAGNETIC DECLINATION 

(1) WITH A MAGNETOMETER 

The determination of the magnetic decimation consists of two 
operations, first, the determination of the true meridian as explamed 
m the precedmg section, and, second, the determination of the mag- 
netic meridian, usmg either a magnetometer, a compass declmometei , 
or the compass attachment of a dip cncle 

Coast and Geodetic Survey pattern magnetometer — Most of the mag- 
netometeis m use m the field work of the Coast and Geodetic Survey 
are similar in design to the one shown m Figure 5 It is usually re- 
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FIGURE 5 -COAST AND GEODETIC SURVEY PATTERN MAGNETOMETER 
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ferred to as a theodolite magnetometer, since it comprises a theodolite 
and a magnetometer arranged for mounting on the same base It is 
light, compact, of simple construction, and easily handled and is 
therefore especially suited to the field work ol a magnetic suivey 
The honzontal cncle is 4 inches in diameter graduated to 30' and 
lead by two verniers to mmutes The magnets are hollow, octagonal, 
1 1 cm between opposite faces The lengths of the two magnets 
(7 4 and 6 0 cm ) aie such as to make the fiist distribution coefficient 
(P) nearly zeio The obseivei faces south when making observa- 
tions of the suspended magnet In the south end of each magnet is 
a plane glass on which there is either a graduated scale or two lines 
at light angles to each other, and m the north end is a collimating 
lens so arranged that when the readmg telescope is focused on a distant 
object the graduated scale or the hues will be in focus also The north 
and south ends of the magnet are indicated by the letters N and S 
and the magnet is considered “ erect” when these letters are erect 
and face east The magnet is supported m a biass stir i up consistmg 
of three parallel connected lings jomed to a shank about 2 5 cm long 
This long shank prevents any appreciable change ol level of the mag- 
net foi a considciable change of veitical force A short pin m the 
center of the stin up engages a gioove about the centei ol the magnet 
With the octagonal lonn of magnet tho scale is easily placed horizontal 
m either the erect oi mveitcd positions When not in use the stirrup 
is attached to a hook under the roof of the magnet house to prevent 
breaking oi twisting of the fiber Silk fiber suspension is used, two 
strands usually bemg sufficient to support the magnets without danger 
of breaking The upper ends of the fibers are held by a clamp, with 
a suitable arrangement of screw and nut or rack and pinion for reg- 
ulating the height of the suspended magnet 

The end of the reading telescope is connected with one end of tho 
wooden magnet house by a hood ol daik cloth, so that no glass comes 
between the objective and the magnet Light to illuminate the scale 
of the magnet is admitted through a hole m the othci end of the 
magnet house This hole is closed by a glass window, which is 
opened when pointings aie to bo made on tho mark in decimation 
observations, in order to avoid the distortion likely to be caused by 
irregular refraction of the glass 

The deflection bars used m the horizontal mtensity observations 
are of such shape that the deflecting magnet when m position on the 
bai is on a level with the optical axis ol tho reading telescope and at 
light angles with it and consequently with the suspended magnet 
also The bars are not graduated, but on each theio aie two troughs 
for supporting the deflecting magnet In the middle ol each tiough 
is a shoit pm which fits mto the groove around tho magnet and thus 
insures its proper setting The pms are approximately 30 and 40 cm 
from the centei of the magnet house In Figure 5 the long magnet 
is in position on the deflection bar, and the wooden sides ol the mag- 
net house have been removed to show the suspended slioit magnet 
The theodolite shown at the light of the picture is easily mounted m 
place of the magnctometei when azimuth oi latitude observations 
are to be made In most instruments of modern design, the sus- 
pension fibei is made of a thm metallic ribbon of phosphoi bronze, 
which, when properly mounted and free liom kinks and bruises, is 
very stable, maintaining a line ol detoision unchanged foi long periods 
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Where silk fibers are employed, they should be soaked in glycerin 
before they are used Extra fibeis should be kept m soak m a bottle 
of glycerin, to be ready for use in case of bieakage A convenient 
way to insert new fibeis is as follows Draw the fibers through the 
fingers several times to remove supeifluous glycerin and undesirable 
twists Fasten one end to the eye of the stirrup with a small loop 
Draw the fibers even and fasten a small piece of wax 01 othei weight 
to the loose ends Remove the torsion head from the suspension 
tube, turn the magnet house upside down, and drop the weighted ends 
through the tube The wax may then be lemoved ana the ends 
fastened to the torsion head at the propei distance from the stirrup, 
care bemg taken to have the two fibers of the same length When 
the torsion head is at its lowest position the sturup should be about 
half an inch above the floor of the magnet house Especial caie must 
be taken to leave no loose ends which might touch the magnet house or 
the inside of the suspension tube 

The deter min ation of the magnetic meridian with this type of 
magnetometer is made as follows Mount the magnetometer and 
level caiefully by means of the striding level provided for the reading 
telescope (shown in position m the picture) Turn the alidade until 
the telescope pomts approximately magnetic south Place the 
thermometer m the hole m the loof of the magnet house, suspend the 
torsion weight (a solid biass cylmder of about the same mass as the 
long magnet), and replace the wooden sides of the magnet house by 
those of glass Bring the torsion weight to rest and then watch its 
vibration under the influence of the twist of the suspension fibers 
By successive trials turn the torsion head at the top of the suspension 
tube until the weight comes to rest m a position parallel to the optical 
axis of the telescope, or until its arc of vibration, reduced to a small 
amount, is bisected by that line The suspension is then free from 
twist — that is, there is no tendency to turn a suspended weight out of 
the vertical plane through the optical axis of the telescope — and the 
reading of the torsion head mdicates the lme of detorsion With a 
silk fiber suspension just strong enough to support the magnet, the 
effect of 90° of torsion seldom amounts to as much as 5', and an erroi 
of 10° m the determination of the lme of de torsion would therefore 
affect the resulting decimation by not moie than O' 5 When the 
instrument has not been used foi some time or after msertmg a new 
fiber, it will be found convement to allow the stirrup to hang free 
before msertmg the torsion weight Because of the small moment 
of mertia of the stirrup it will come to rest quickly and the gi eater 
part of the torsion of the fiber will be removed With the stirrup kept 
clamped between stations, not much change m the torsion of the 
fiber is to be expected 

Open the glass wmdow m the end of the magnet house and point 
upon the object used as a leference maik m the azimuth observa- 
tions, lowering the torsion weight below the lme of sight Read both 
verniers and entei the readmgs m the proper place m the record 

Close the window, turn the alidade until the telescope again pomts 
approximately magnetic south, remove the torsion weight ana sus- 
pend in its place the long magnet with its scale erect, bemg careful 
to slacken the fibers as little as possible Raise the magnet to the 
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level of the leading telescope, quiet its vibiation as much as possible, 
and leplaee the wooden sides of the magnet house Adjust the 
mirroi so that it reflects the light onto the scale ol the magnet Cheek 
the vibiation ol the magnet until the aic ls i educed to one oi two 

divisions oi the scale , 

Some magnetometeis aie equipped with a device loi anestmg tne 
oscillation ol the magnet altei it has been distuibed, peimittmg a 
o*entle lelease with a swing ol small amphtude Foi those not so 
equipped, oi when the swing is too wide, the oscillation may be 
checked by a bit of magnetic mateiial piovidod loi the pux pose 
A screw duvei or pocketknife contains so much steel that it is best 
not to peimit its use for this puipose A veiy small magnet made 
fiom a poition of a sewing needle not moic than a centimetei long, 
embedded m a laige coik, and attached to the tripod by a string 
reaching nearly to the ground, is veiy good, smcc the short sepaiation 
of the poles of the mmute magnet makes the eflect negligible when 
the distance is a few ieet, but leaves it veiy eflective when brought 

close to the magnet ^ ^ x 0 

Most ol the magnetometeis ol the Coast and Geodetic purvey 
pattern have now been piovided with scales m the leading telescope 
and the decimation observations aie made m the same way as with 
a magnetometci oi the India survey pattern, as explained latei 
Wheie the scale m the magnet is used, the pioccduic is as iollows 

Turn the alidade until the division of the scale eonespondmg to 
the magnetic axis swings by about equal amounts to the light and 
leit ol the vcitical wnc ol the leading telescope, and clamp the 
horizontal cncle 11 the scale leading ol the axis is not known 
approximately liom previous observation, the middle division oi the 
scale will be used Th/is seth.Ti(j of the hot izotitul cvcle 'is not to be 
changed until the time comes to point on the mail uqcnn 

Read the scilc when the magnet comes to lost momentarily at 
the extiemes ol its swing When the scale is not numbered it is 
assumed to be elect when the longer divisions pio]cct upwaid and the 
readings aie then considered as mcieasmg liom lclt to right The 
“leit” i eadmg is the one when the lelt end ol the scale approaches 
nearest to the vertical wire ol the l eadmg telescope, and is theieloie 
less than the “light” loading loi magnet eiect Alter an interval 
of a mmute load the scale again 

Turn the magnet upside down m the stump, so that the scale 
appears mvcited, l educe the arc oi vibiation, and make loui readings 
ol the scale at mteivals ol one minute The zero ol the scale is now 
to the light, and the “lclt” leading will be gieatei than the “light 

Return the magnet to the eiect position and make two moie scale 
readings 

Read the honzontal cncle to be suie that it has not been distuibed 
accidentally, remove the magnet and complete the set by pointing 
on the lefeience mark When horizontal intensity observations aie 
to follow immediately, as is usually the case, it is moic convenient 
to make the first set ol oscillations boioie removing the magnet and 
repeating the pointing on the maik 
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The mean of the erect and inverted readmgs gives the division 
of the scale which corresponds to the position of the magnetic axis 
When the telescope ^s pomted on that division, it is m the plane of 
the magnetic meridian For any other scale reading the reading 
of the horizontal circle must be corrected by the angular value of 
the portion of the scale included between the observed scale reading 
and the scale reading of the axis With magnet erect the zero of 
the graduation is at the apparent left and mcreasmg scale readings 
correspond to decreasing circle readings Under ordinary conditions 
the scale reading of the axis of a magnet will remam very nearly 
constant for a long time If it shows much variation from station 
to station, the magnet should be examined carefully to make sure 
that the scale glass and its mounting are not loose 
The angular value of one division of the scale is readily determined 
by pointing sucessively on every fifth or every tenth division and 
leading the horizontal circle in each case, then repeating the opeia- 
tions in the reverse order, so as to eliminate gradual change of decli- 
nation during the observations, as shown m the following example, 
the order of observations being indicated by the figures m the second 
and fourth columns 

Scale Value of Magnet 11L of Magnetometer No 11 


Scale 

readmg 

First set 

Second set 

Mean 

Value of 30 
divisions 
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30 

7 
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1 
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The accompanying example shows the form of record and com- 

E utation where the scale is in the reading telescope The only modi- 
cation for observations with scale in the magnet is m the method of 
reducmg to axis of magnet, as described above 

The azimuth of the mark and the chronometer correction on local 
mean time were obtained from the computation of the observations 
of the sun, reproduced on page 58 The magnetic south meridian 
readmg subtracted from the mark readmg gives the magnetic azi- 
muth of the mark, and that subtracted from the true azimuth of the 
mark gives the magnetic decimation, east when plus and west when 
minus The correction for diurnal variation is supplied m the office 
from the records of the nearest magnetic observatory, but its approxi- 
mate value may be obtamed (except for periods of magnetic storms) 
from Table 8, which gives the average diurnal variation for different 
seasons of the year for the different observatories. 
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Form V Ma&NFTIC DECLINATION 

Date, August 6, 1928 

Station, Mansfield, Ohio Observer, b A Deel 

M ignetometer No 38 
Maik Schoolhouse belfry 

Magnet 38L Line of detorsion, o30° 




Sc ile readings I 

Horizontal circle re idings 1 

Ohron 

Scale 









time 











Loft 

Right 

Mean 



Mirk 

M iguet 

h m 


d 

d 


d 



0 / // 

O / // 

13 41 

F 

30 7 

32 

1 

11 40 

Before 

A 

217 37 00 

18 5 H 00 

42 

* 

30 4 

32 

2 

31 30 


B 

37 37 30 

5 34 30 

44 

I 

27 2 

29 7 

28 45 

After 

A 

217 37 30 

185 34 00 

45 

I 

27 2 

29 5 

28 35 


B 

37 38 00 

5 34 30 

46 

I 

27 2 

29 

1 

28 15 





47 

I 

27 0 

29 3 

28 15 











Mean 


217 37 30 

185 34 15 

49 

E 

30 1 

32 0 

31 05 





50 

E 

30 2 

31 8 

31 00 












Mean sc ale readings d 







Erect 



31 19 







Inverted 



28 2S 







Elect— inverted 

2 91 

Mean scale reading 



d 

29 71 

Rom irks 

Temperature, 

O 

30 4C 

A riddle of sc ile 



30 00 


Weather, partly cloudj 

Middle— mean reading 


+0 2b 


Torsion v\ eight sus 

Reduction to middle 



+0 '52 


pended, 20 minutes 

Circle reading 


3 

§ 





Magnetic S M reading 

1S5 31 S 





Mark reading 


217 37 5 





Magnetic azimuth 

of 

32 02 7 





Tiue azimuth of mark 1 

29 02 2 





1 









h m 

Magnetic decimation, AV 


3 00 r > 

Moan chron time 

1 3 45 5 

Diurnal variation 



-6 0 

C kron corr’n on L TM T 

-29 4 




— 

— 


Local moan time 

13 16 

Moan declination, W 



2 51 *5 

1 





1 Counted from south around by west from 0° to 360° 


INDIA MAGNETIC SURVEY PATTERN MAGNETOMETER 

Magnetometers of the type shown m Figure G aie in use at foui 
of the magnetic obscrvatones of the Coast and Geodetic Suivey 
This type of instrument was designed by Capt H A Denholm 
Fiasei, E E , for use m the magnetic suivey ol India, and is a modi- 
fication of the well-known Kew pattern The long magnet is a hollow 
cylinder about 9 cm long and 1 cm m diametci, with an aluminum 
cell mounted externally at each end The cell at the south end 
carries a piece of optical glass on which aio cngiaved two lines at 
right angles to each othci The cell at the noith end contains a 
collimating lens On the glass diaphiagm ol the leading telescope 
theie aie two scales, one veitieal and the othei horizontal Aioimd 
the middle of the magnet is a shallow gioovo, which is engaged 
by a screw pm on the undei side ol the stniup The stm up has 
another sheath above the one holding the magnet, m which is placed 
an inertia bai ol the same dimensions as the magnet when obser- 
vations aie made to deteimme the moment ol meitia of the magnet 
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and suspension The magnet is not removed from the stmup 
except when repairs are necessaiy Foui longitudinal lines on the 
magnet and a mark on the stirrup msuic the honzontality of one oi 
the cross lines on the glass in the south cell 

The short magnet is similar to the long magnet, reduced in all 
dimensions, but without the end ceils It is mounted m a stirmp 
above and parallel to an aluminum collimator similar to the long 
magnet The magnets aie suspended by phosphoi -bronze ribbons 
ha'nng about the same coefficient of toision as a silk-fibei suspension 
The toision weight is a xylonite disk mounted on a metal spindle it 
is divided on the penphery to degiees and is figuied at every filth 
division By the mseition of a small lens m fiont of the objective oi 
the reading telescope, the suspended weight may be read without 
change oi focus The plane of detoision is indicated by the zero ol 

the graduation ., 1,1 

The straight brass deflection bai is not giaduated, but has a senes 
of holes bored in its supper surface at distances 22 5, 26 25, 30, 35, and 
40 cm on either side of the centei Duimg deflection observations 
the long magnet is placed in a small wooden box, on the under side 
of which is a metal plug fitting snugly the holes m the deflection bar 
The box is so constiucted that the centei oi the magnet is exactly ovei 
the center of this plug and on a level with the suspended shoit magnet 
This arrangement eliminates all direct handlmg of the long magnet 
during deflection obseivations 

Decimation observations with this type of magnetometer diflei only 
slightly fiom those with a magnetometei having the scale in the 
magnet The scale is on the glass diaphragm of tho leadmg telescope 
and the reduction to axis is obtained by subtracting the mean oi the 
scale readmgs (magnet eiect and magnet m verted) from 50, the 
middle division The difference between the erect and inveited 
readings is twice the angle between the geometric and magnetic axes 
of the magnet and should remain very nearly constant 

The angular value of one division oi the scale may be obtained by 
pointings on a distant object instead of on the magnet 

Kew ‘pattern magnetometer was the standaid type in England 
and her colonies for many years and many instruments of this typo 
aie still in use It was designed more paiticularly tor obseivatoiy 
use, but can be used for field work also 

The long magnet and stirrup are of the same geneial design and 
size as m the India survey magnetometer, and are suspended m a 
wooden magnet house by means of the usual suspension tube and 
fiber or bronze ribbon The reading telescope used with it is fixed 
m a honzontal position with its longitudinal axis parallel to the sides 
of the magnet house The short magnet is a hollow steel cylinder 
with a minor attached to the under side The surface oi this mirroi 
is vertical and at right angles to the axis of the magnet Fox the 
deflection observations this short magnet is suspended in a copper 
magnet house, which serves to damp the oscillation of the magnet 
when settings are being made A separate reading telescope and 
scale are used for ma kin g the settings When the image of the cen- 
tral division of the scale reflected fiom the mirror of the magnet 
comcides with the vertical wire of the telescope, the axis of the short 
magnet is at right angles to the deflection bar and consequently at 
right angles to the axis of the long magnet when in position on the bar, 
provided the instrument is accurately adjusted A sighting tube 
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placed on the carnage on the deflection bar provides means for fixing 
the height of the short magnet so that it will lie m the same horizontal 
plane as the deflector 

Foi decimation observations the long magnet may be used, but m 
some instruments a separate magnet is piovided, which has a double- 
stemmed stmup so that it may be readily suspended in either the 
eioct 01 lnveited positions The true meridian may be determined 
with this lnstiument, provided the local mean time and the latitude 
of the place of observation bo known with accuracy A mirror with 
horizontal axis is mounted m front of the magnet house, by means 
of which the sun’s image may be directed mto the reading telescope 
used foi oscillations, when the magnet house is removed If this 
minoi is adjusted so that its axis is tiulv horizontal and at right 
angles to the normal to the suiface of the mirroi and to the line of 
cofiimation of the telescope, then when the telescope is pomted on 
the reflected image of the sun it will he in the vertical plane through 
the sun and the center of the instrument From the time of obser- 
vation, the latitude ol the place and the decimation of the sun, the 
azimuth of the sun may be computed, and fiom this the azimuth of 
any '-elected mark mar be dcteimmed m the manner already explained 
Many othei types of magnetometei aie m use m other countries, 
but a description ol them is not justified in this manual Mention 
may be made of seveial which have been used to some extent by the 
Coast and Geodetic Suivey No 26, a very large combination instru- 
input designed by Wild, comprising magnetometer, declmometei, and 
eaith mductoi, which is the standard mstiument at the Cheltenham 
magnetic obseivatoiy and is described m the publication of the re- 
sults of that obseivatoiy for 1901-1904, No 25, a combination in- 
strument of the Prussian field magnetometer type, consisting of 
theodolite, magnetometer, declinometer, and dip circle, all arranged 
loi mounting on the same base, used at the Sitka magnetic observa- 
toiy loi seveial yeais and dcscubcd in the publication of the results 
ol that obseivatoiy foi 1902-1904, No 21, a very small instrument 
weighing only 4 kg , similar to the one used in the early magnetic 
survey ol I^iauco and described, by Miascart on page 212 of bis Traite 

cle Magnetismo Tenostie _ T ,, 

The depaitnicut ol tenostiial magnetism of the Carnegie institu- 
tion of Washington has developed a type of magnetometer, laying 
paiticulai stiess upon portability, simplicity, and stability It env- 
bodies some ol the features ol the Coast and Geodetic Survey and 
India suivey patterns, but has a numbei ol distinctive features ol its 
own and is smaller and lighter than either It is described m detail 
in Tenostiial Magnetism loi March, 1911, and m volume 2 of the 
Reseal ches of the Department The observations and computations 
are made m the same way as with a magnetometei of the India 
survey pattern, cm opt that the middle division of the scale is 40 

instead of 50 , , ~ 

The long magnet is a hollow cylinder 56 mm long and 7 9 nun 
outside diamotei It is inclosed m a close-fitting gold-plated brass 
case 64 mm long with collimator lens m the north end and piano- 
paiallol glass plate with (loss lines m the south end The short 
magnet is 26 mm long (designed to make the second distribution 
coefficient zero) and 6 5 mm outside diametei It also is inclosed in 
a brass case of the same outside dimensions as foi the long magnet 
and with the same optical system, the thickness bemg such as to 
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make the weights of the two magnet systems the same The stirrup 
is a rectangular brass frame with openings of the same width as the 
diameter of the magnet cases Tne position of the magnet m the 
stirrup is regulated by a short pin at the bottom of the stiriup which 
fits into a groove about the middle of the magnet case Attached to 
the bottom of the stirrup is a short brass cylinder, graduated around 
the periphery, for use m detei mining the plane of de torsion 

The straight deflection bar has rectangular notches m the top at 
distances 22, 25, and 28 cm from the center For deflections the 
long magnet and thermometer are placed m a small wooden box, on 
the bottom, of which is a stud fitting snugly into the notches on the 
bar Small holes in the ends of the box provide means for regulating 
the height of the suspended short magnet so that it will be m the 
same horizontal plane as the deflector This condition is iulfilled 
when the lower edge of the rectangular openmg m the side of the 
stirrup is m the line of sight through the holes 

DECLINATION FROM HORIZONTAL INTENSITY OBSERVATIONS 

In the directions for determining horizontal intensity, given later 
on, it will be seen that provision is made for reading the scale and 
the horizontal circle m connection with the observations of oscilla- 
tions This furnishes a check on the regular decimation obscivations, 
which usually immediately precede or follow, smce the change in scale 
reading should correspond with the change m circle reading, or a 
value of decimation may be computed by assuming the mark leading 
and the difference between erect and inverted scale leadmgs to be 
the same as during the regular decimation set 

In the sample set of oscillations given on page 89 the mean scale 
reading with magnet inverted was 30 d 62 and the horizontal circle 
reading was 185^ 38' 00" In the decimation set on page 67 the 
scale readme with magnet erect was 2 d 91 greater than with magnet 
inverted and the mark reading was 217° 37' 30" The middle divi- 
sion of the scale m the telescope was 30 The computation of decima- 


tion is made as follows 

d 

Scale reading, magnet inverted 30 62 

E-I 2 91 

Scale readmg, magnet erect 33 55 

Mean scale readmg 32 08 

Middle-mean readmg —2 08 

Reduction to middle —4. 2 

Circle reading 185 38 0 

Magnetic south meridian reading 185 33 8 

Mark reading 217 37 5 

Magnetic azimuth of mark 32 03 7 

True azimuth of mark 29 02 2 

Magnetic declination, W 3 01 5 

Diurnal variation — 5 7 

Mean declination, W 2 55 8 


A value of decimation may also be obtamed from the two sets of 
deflections, provided the short magnet is erect m one set and inverted 
m the other or the difference between elect and inverted scale read- 
ings is known, and provided also that the position of the base of the 
mstrument is not disturbed between a set of deflections and one of 
the decimation sets, so that the mark readmg may be ass um ed to be 
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unchanged The deflection observations aie so arranged that the 
horizontal cucle is read when the shoit magnet is deflected by approx- 
imately equal amounts in opposite directions from the magnetic 
mendian, and the mean of these cncle leadings, therefore, represents 
the reading of the magnetic south meridian The pointings aie always 
made on the middle division of the scale and the combmation of 
leadings with magnet elect m one set and magnet mverted m the 
other eliminates the eflect of lack of agieement between the magnetic 
axis of the magnet and the veitical line on the glass m the south end 
of the magnet In the sample set of deflections on page 90 the mean 
of the four leadmgs at the shoitei distance is 185° 33' 30" and of 
those at the longer distance 185° 33' 04", and mean of all 185° 33' 17" 
In a second set with magnets erect the mean of the circle readings 
was 185° 31' 34", giving for the mean of erect and mverted readmgs 
185° 32' 4, and this is the magnetic south meridian reading to be 
used in computmg the declination 

In magnetometers wheie the shoit magnet is earned above the 
tube in which the lens and scale aie mounted — for example, those of 
the India survey pattern and C I W magnetometers Nos 2-10 — the 
inversion ol the shoit magnet only takes account ol the lack of agree- 
ment ol the magnetic and geometiic axes of the magnet Ordinarily 
the line of collimation ol the tube is not exactly parallel to the geo- 
metric axis ol the magnet, and the angle between them must be 
determined and applied as a constant conection m deriving a value 
of decimation Irom deflection obseivations 

(2) WITH A COMPASS DECLINOMETER 

The type of compass declinomctei in geneial use m the Coast and 
Geodetic Suivey (fig 7) was designed by E G Fischei, while chief 
of the mstiument division It is nothing moie than a compass needle 
with peep sights mounted on a giaduated honzontal circle, but some 
ol the details aie novel and all have been w r oiked out with great 
caie 

The base rests on tlucc leveling sciews, has double centers, and the 
houzontal cucle is lead by two vemicis This base supports a rec- 
tangular box, in which is mounted a compass needle about 6 mches 
long At each end ol the needle is a giaduated aie, about 20° m 
extent, with the zero m the middle Veitical peep sights aie attached 
to the ends of the box, so that the zeros of the graduations and the 
point ol suppoit ol the needle aie m the vertical plane thiough the 
peep sights The liltei of the needle is oi special design, so arranged 
that the mstiument can not be packed loi shipment without fiist 
liltmg the needle ofl the pivot 

The compass declmometei is intended especially for use by tn- 
angulation paities, wheie the azimuth is known and time is not avail- 
able foi moie extended magnetic obseivations As the peep sights are 
not suitable loi sighting on a veiy distant object, it is usual eithei to 
place a tempoiaiy lefeience maik on lme from the tuangulation 
station to a distant object, the azimuth ol which is known, by means 
of a theodolite, oi else to set up the compass declmometei accurately 
in this line and use the tuangulation station itself as a reference mark 

In a periect instrument the line joining the points of the needle will 
comcide with its magnetic axis and the point ol support of the needle, 
the zeros ol the graduations, and the slits ol the peep sights will he 
m the same veitical plane When this is not the case the instrument 
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will have an index correction, constant so long as its adjustment re- 
mains unchanged, which must be determined at the beginning and 
end of the season by observations at some place where the decimation 
is known 

The instrument should be set low enough to permit the observer 
to look directly down on the needle when making the settings After 
the instrument has been leveled and the sliding weight adjusted in 
position, if necessaiy, so as to have the ends of the needle m the same 
horizontal plane with the graduated arcs, the order of observations is 
as follows (1) Two pointings on the mark, one direct and the other 
reversed (2) One reading, north end of needle set at zero, two 
readings, south end set at zero, the needle being caused to oscillate 
slightly between the two settmgs, one readmg, north end set at zero 
(3) In a similar manner, four readings with the end set 5° to the right 
of zero (4) Four readings with the end set 5° to the left of zero 
(5) Four readings with the ends set at zero (6) Two pointings on 
the mark Record must be made of the time of beginning and end- 
ing and of the correction of the timepiece on standard time It will 
be sufficient to read one vernier for settings on one end of the needle 
and the other vernier for settmgs on the other end The needle 
should be lifted when pointing on the mark The eye should be 
moved up and down the slit to insure accuracy of pointing 


Form 38a 


Station, Cheltenham, Md 
Compass declinometer No 24 
Mark, Hill house chimney 


Magnetic Declination 

Date Julj, 8, 1929 
Observer S O Townshend 


Chron 

Mark, circle 

Needle set at 0° 
set at 0° 

Needle set 5° right 
set 5° left 

Mark, circle 
reversed 

time 

direct 

North end 

South end 

North end 

South end 

k 771 

10 46 

11 10 

o / 

177 06 5 

06 5 

05 5 

06 0 

0 / 

101 43 0 

46 5 

43 0 

45 0 

o r 

281 43 0 

46 5 

43 0 

44 5 

o t 

106 43 0 

44 0 

96 48 0 

45 0 

O / 

286 42 5 

44 0 
276 48 0 

45 0 

o / 

357 06 0 

06 0 

06 0 

06 0 

Means 

177 06 1 

101 44 4 

281 44 2 

101 45 0 

281 44 9 

357 06 0 

h m 

13 28 

13 48 

297 06 5 

07 0 

06 0 

07 0 

221 40 0 

40 0 

40 0 

40 0 

41 40 5 

40 0 

40 0 

39 5 

226 45 0 

43 0 
216 35 5 

35 5 

46 45 5 

43 0 

35 0 

36 0 

117 07 0 

06 6 

07 0 

07 0 

Means 

297 06 6 

221 40 0 

41 40 0 

221 39 8 

46 39 9 

117 06 9 

— 


h m 

Chron correction on standard 75th mer time 1 - - — 

Difference of longitude (76° 50') +1° 50 ~~ 07, 

Chron correction on local mean time 1 10 


Local mean time 


Mark reading 
Needle reading 
Magnetic azimuth of mark 
True azimuth of mark 2 
Magnetic declination, W 
Index correction 
Diurnal var correction 
Resulting decimation, W 


h 

10 


48 


177 06 1 
101 44 6 
75 21 5 
68 26 7 
6 54 8 
+0 4 
-1 2 
6 i>4 0 


m 

28 


297 06 8 
221 39 9 
75 26 9 
68 26 7 
7 00 2 
+0 4 
—8 1 
6 52 5 


Remarks 


i Plus when slow, minus when fast 8 Counted from south around by west 




FIGURE 8-KEW PATTERN DIP CIRCLE 
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It is preferable to make observations both morning and afternoon 
at about the times when the easterly and wcsteily exti ernes of decima- 
tion occur, or late m the afternoon when the leduction to mean of day 
is usually small (See Table 8 ) This is of less importance when 
theie is a magnetic obseivatory not veiy tar away 

Some dip circles aie provided with a compass needle mounted m a 
rectangulai box, which may be placed as shown m Figuie 8 and 
decimation obseivations may then be made in the same manner as 
with a compass declmometei 

DETERMINATION OF THE DIP 

1 WITH A DIP CIRCLE 

An earth mductor and galvanometei suitable for field use have 
recently been developed and have given very satisfactory iesults, but 
becai.se of the small numbei ot these mstiuments as yet available, 
the dp or inclination is usually measuied by means ot a dip circle, 
in winch a magnetized needle is mounted m such a way as to swing 
m a Tertical plane about an axle thiough its ccntei ol giavity The 
lorm •>! dip cncle in geneial use is the lvew pattern shown m Figuie 8 
The pvots ot the needle lest on agate kmie-edges, the supports of 
which lie horizontal or vci tical according as the instrument is mtended 
lor ust in high or low magnetic latitudes The needle is placed m 
positicn by means ot a littei so ananged that when the needle is 
fowend onto the agate kmie-edges, the piolongation ol the axis ot 
the pvots passes through the centei ot the giaduated vei tical cncle 
The vertical circle is read by two veimeis, and in oldei mstiuments 
is usially graduated irom zero at eithei side to 90° at the top and 
bottom Some ot the moie modem dip cncles aie graduated con- 
tnuously from zeio to 360° To the liame cauying the verniers aie 
ttached two micioscopes loi pointing on the ends ol the needle, so 
placed that when the cncle leading is zero the line joining the micio- 
scopes is hoiizontal On the liame cauying the microscopes aie 
blocks foi holding m position the needle used as a deflcctoi m the 
determination ot total intensity by Lloyd’s method, so ananged that 
when the needle is m position its axis is at light angles to the lme 
joining the micioscopes Four needles are usually provided, two 
for regular dip observations and two tor the deteimmation of total 
intensity 

Some of the newer dip circles ot this pattern aie provided with a 
compass needle mounted m a lectangulai box, which may be placed 
on top ol the dip cncle as shown m Figuie 8 The angle between the 
magnetic mendian as defined by the compass needle and the line to 
some maik ot which the true bearing is known may be measuied with 
the aid of peep sights 

In dip cucles ot the Lloyd-Cieak pattern, dosigned tor obseiva- 
tions on shipboaid, but suitable also foi land obseivations, the pivots 
of the needle iest in agate cups instead of on agate knife-edges and 
the ends of the needle aie m close proximity to the giaduated cncle 
so that the end ot the needle and the adjacent graduation are seen 
through the reading micioscope at the same time 

In dip circles ot the Biunnei pattern a movable giaduated circle is 
immediately behind the needle and c allies at the opposite extiemities 
of a diameter two small concave miuois, the centers ot which are as 
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far aoart as the points of the needle A setting is made by revolving 

the graduated circle until the point of the needle L^Vxed^emlOT 
imaffe coincide The angle of dip is then read oft on a fixed vernier 
^e aSStoent of a lip circle is usually made > . care , m the 

instrument shop before the instrument is sent into the field and 
seldom requires attention in the course of a S ® a ^, s / fl °^ ist ^ ent s ^ 
may arise, however, where it is impoitant to make adjustments m 
+Ha field the following directions are given , 

The bearing surfaces of the agate knife-edges should lie in a hon- 
zontal plane which if produced would pass below the center of gra u - 
to We vertical Srcle at a dutoce equal to ^ej-adiua ^l^a 

stiff paper under the north end If the two ^Qo^l^needb is at 
i sn° Bimrt if the vertical circle is graduated to 360 ) tne neeaia is at 

IS p‘rSP Readme be made » £££-« •} 

sure that they ai e 
placed exactly 1 80° 
apart, and u both 

S ositions of tie nee- 
le, face east aid face 
west, to correct foi 
lack of symmety 
The lifter shoild be 
adjusted so thatwhen 
the needle is lovertd 

onto the agate surfaces its pivots will touch both at the sa “ et “ n * a ^ 
its axis of rotation if produced would pass through the centei o 
SaSion of the vertical circle, so that the needle will rotate mj 
Sane parallel to the graduation The vertical hne through the conta 
5f graduation may be determined by suspending a small P^mb bob 
at lie end of a silk fibei, so that the fiber inteisects the giaduation at 
two domts exactly 180° apait A small movable hook is provided 
for t his purpose m the top of most dip circles 

The microscopes for pointing on the ends of the needle should be 
exactly 180° apart and should be focused for clear vision before begin- 

m ^Fo°avoid. a the 1 necessity of carrying a separate tripod foi the dip 
circle, an extra head is usually provided, which can be fastened on top 
of the magnetometer tripod when dip observations are to be made 
When the dip circle has been placed m position its level is adjusted 
and tbe instrument leveled m the usual way 

The observer should have constantly in mind the necessity ol 
guarding the needles from falls or othei accidents and keeping them, 
especially the pivots, clean and free from rust The pivots aie best 
cl ean ed by sticking them into a piece of dry pith Before beginning 
observations, the bearing surfaces of the agates should also be cleaned, 
with the edge of a piece of papei or with pith 

The polarity of the dip needles must be reversed before beginning 
a set of observations as well as m the middle of the set This opera- 
tion is performed m the following manner Place one needle on the 
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reversing block after having determined which end is atti acted down- 
ward (north end) Take one bai magnet north end down m one 
hand, and the other magnet south end down in the other hand, each 
inclined about 30° to the hoiizon Draw the magnets lightly from 
center to end ol the noodle, the magnet with north end down restmg 
on the end oi the needle which was attracted downwaid Make 10 
stiokes, then turn the needle ovei and repeat the operation, making 
20 stiokes in all Caie must be taken to stioke the same end of the 
needle with the noith end ot the magnets throughout the opeiation 

The next step is to deteimme the plane of the magnetic meiidian 
and the toirespondmg leading of the horizontal circle If the 
instillment is provided with a compass attachment, the magnetic 
meridian is leadily determined by mounting the compass and tummg 
the instiument until the compass needle points to zeio The instru- 
ment — that is, the plane of the vertical circle — is then m the magnetic 
meridian, and the leading of the horizontal cncle, as well as the one 
diflenng by 180°, is the one at which the cncle is to be set when 
making dip observations Caie must be taken to remove the com- 
pass attachment beloie the dip observations aie made, otherwise the 
lesults will be vitiated 

In case no compass attachment is available, or m high magnetic 
latitude, wheie the compass needle is sluggish, the magnetic meiidian 
may bo determined by taking advantage of the fact that when a dip 
needle is mounted m a plane at right angles to the magnetic meridian 
it will stand vertical .Raise the lifter, place one ol the needles upon 
it with its “face” towaid the leadmg microscopes (The face ol the 
needle is the side on which the letters A and B are engraved ) Set 
the upper vernier at 90° and place the instrument at light angles to 
the meridian, with the vertical circle towaid the noith Lowei the 
needle onto the agates and bung it neaily to rest by means of succes- 
sive liftings and lowerings Turn the instrument m azimuth until 
the swing oi the upper end of the needle is bisected by the cross hair 
ol the upper microscope, gently lilting and lowermg the needle several 
tunes to make sure that it is swinging freely Record the reading 
of the honzontal cncle Set the lower vermer at zero and repeat the 
operation, pointing on the lower end of the needle Then turn the 
msti umcnt 180° in azimuth and repeat the operations, beg inni ng with 
the lower end of the needle The mean of the four readings of the 
honzontal cncle is the leading oi the magnetic prime vertical, and 
when the cncle is graduated by quadrants from zero to 90°, the read- 
ings oi the magnetic meridian will be the same The dip observations 
pioper may then be begun It is usual to observe with two needles 
at each station, and the work is so arranged that the middle time of 
observation is the same ior each needle Observations should be 
begun with the needle which was magnetized first Ii an unusual 
dill ei once between these two needles should develop because oi a 
deiect on the pivot ol one, it is not always possible to determine which 
is the one at iault when but two are used In such cases the use of 
additional needles has been found veiy advantageous 

Place the instiument in the magnetic meridian (vertical) cncle 
east, needle iacc east, and i educe the swing of the needle to a small 
arc by means ol successive liftings, noting at the same time whether 
the swing oi the needle appeals to be liee and regular (If such is not 

88183°— 30 o 
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the case, the pivots and agates should be cleaned again ) Set on the 
upper (south) end of the needle and read the upper vernier, then set 
on the lower (north) end and read the lower vernier, then record the 
two readings Better results are obtained if the needle is observed 
while swinging over a small aic, but it should not be disturbed between 
the readings of the two ends, so that the swing at the time of the first 
reading should be ]ust sufficient to contmue until the second has been 
made The needle is then hfted and lowered and the two ends read 
in the reverse order In general the two ends of the needle will not 
read the same, but the difference between the two should be nearly 
constant for a particular position of circle and needle If such is not 
the case, or if the readings before and after hltmg differ by as much as 
8', the readings should be repeated 

Form 42 

Magnetic Observations Dip 


Station, Cheltenham, Md Date, July 9, 1929 

Dip circle No 31 Needle No 1 Observer, H E MoComb 


End of needle marked A down 

Circle east 

Circle west 

Circle west 

Circle east 

Needle face east 

Needle face west 

Needle face east 

Needle face west 

S 

N 

S 

N 

S 

N 

S 

N 

o / 

70 50 

51 

0 / 

70 48 

48 

0 , 

71 10 

09 

o / 

71 14 

13 

o / 

70 56 

57 

o / 

70 54 

65 

o / 

71 11 

12 

O f 

71 12 

13 



71 09 5 

71 13 5 

70 56 5 

70 54 6 

71 11 5 

71 12 5 

70 49 2 

71 

71 11 5 

00 4 

Mean 

70 55 5 

71 

n° ox l 

71 12 0 

)3 8 

Polarities and microscopes reversed End of needle marked B down 

Circle east 

Circle west 

Circle west 

Circle east 

Needle face east 

Needle face west 

Needle face east 

Needle face west 

S 

N 

S 

N 

S 

N 

S 

N 

o / 

71 21 

21 

0 / 

71 25 

25 



0 / 

71 29 

29 

o r 

71 30 

30 

o / 

71 00 

02 

O / 

70 56 

56 


71 25 0 

70 59 0 

70 55 0 

71 29 0 

71 30 0 

71 01 0 

70 66 0 

71 28 0 

71 

70 57 0 

L0 0 

Mean 

71 29 5 

71 

n° ^O 

70 58 5 

L4 0 

Resulting dip 71° 07' 1 

h m 

Chron tune of beginning 14 18 

4< “ “ ending 15 05 

Mean chronometer time 14 41 5 

Chron correction on L M T —7 5 

Local mean time, 14 34 

0 / 

Magnetic meridian reads 31 26 

Circle m mag prime vertical 

o / 

Cirele N Needle S end 32 30 
“ N end 32 34 
Cirole S “ N end 30 20 

“ S end 30 18 

Mean 31 26 
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The circle is then turned 180° in azimuth and similar readmgs are 
taken m the position cucle west, needle lace west Then the needle 
is turned ovei and obscivations made with circle west, needle lace 
oast, and finally the cucle is le versed again and leadings aie taken in 
the louith position cucle cast, needle face west The same operations 
are then peiloimed with needle No 2 

Next the polarities ol the two needles are icversed, so that the end 
which was down belore will now be up, the microscopes arc also 
reversed so that the one which was down will now be up, and a second 
hall set ol obscivations is made with No 2, followed by a second half 
set with No 1 The times ol beginning and ending should be noted 
for each needle 

The mean of all the readings gives the resulting dip, unless thcie 
js much difference in the results before and alter reversal of polanties, 
"m which case a small correction is required (Table 7), as explained 
on page 3 The computation is arranged for simplicity m such a 
way that means of two quantities are taken successively, so that the 
work may be pei formed mentally 

In case the veitical cucle is graduated continuously horn zero to 
3G0°, it will be necessaiy to subtract the circle leadings from 180° 
or 360° loi circle west m order to get the angle ol dip 

In the sample set ol observations it will be seen that there ]s con- 
siderable variation m the observed angles ol inclination for the 
different positions of needle and circle This is due mainly to lack ol 
symmetry ol the needle but partly to imperfect adjustment oi the 
instrument With the reversals ol face ol circle, lace ol needle, and 
polanty of needle the errors from these sources are practically 
eliminated The effect of lack ol symmetry of the needle should 
remain relatively constant, and this is lound to be the case when the 
differences between the resulting dip and the readings m the various 
positions are tabulated lor sucecssi\o sets of dip This tact makes it 
possible to pick out misreadings ol a degiec oi hall a degree, such as 
sometimes occui, when there is apparent lack ol agreement between 
the results with two needles 

2 WITH AN EARTH INDUCTOR 

The earth inductor is in principle a small dynamo, and its operation 
is based on the fact that when a coil of wire lormmg a closed circuit 
is rotated m a magnetic field a current of electucity is genoiated m 
the coil except when the axis of rotation of the coil is parallel to the 
lmes of foice of the field To determine the magnetic dip with an 
earth inductor, therefore, it is only necessaiy to measure the angle 
ol inclination ol the axis of rotation of the coil when no current 
flows as the cod is rotated 

Various forms oi earth inductor have been designed, primarily loi 
observatory use The type shown m Figuie 10 was designed by 
Wild for use as a portable instiument, and many ol this type aie 
giving satisfactoiy soivice, though mainly at observatories, as it is 
somewhat heavy for convenient transpoitation 

Wild pattern earth mductor — This instrument has a coil of copper 
wire wound on a cylin ducal core An a us m prolongation oi a 
central diameter of tho coie rests m bearings m a ring, so that the 
coil may be lotated by means ol a piece ol flexible shaltmg connecting 
ono end ol the axis with a geai, to give gi eater speed, and a hand 
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crank The ring has an axis (inclination axis) at right angles to the 
axis of the coil, which is supported in a horizontal position on bearings 
m uprights attached to the alidade Attached to the ring is a gradu- 
ated vertical circle, parallel to the axis of the coil ana concentric 
with the inclination axis, by means of which the inclination of the 
axis of the coil may be measured 

The operation of the mstrument consists m placing the axis of 
the coil m the plane of the magnetic meridian and then changing the 
inclination of the axis of the coil until a position is found where no 
current is induced when the coil is rotated The axis of the coil is 
then parallel to the lines of force of the earth's field and the angle 
of inclination of this axis as measured on the vertical circle is the 
dip The presence or absence of current is mdicated by a galvanom- 
eter connected with the coil by suitable wiring, thiough a com- 
mutator and brushes which convert the alternating current induced 
m the coil to a direct current m the galvanometer circuit 

The commutator consists of two brass half rings mclosmg the 
lower end of the axis of the coil, which are insulated from the axis 
and from each other, and to which are attached the ends of the wu o 
of the coil The brushes, one on either side of the axis of the coil, 
are attached to the large ring but are well insulated from it They 
are so placed that commutation takes place when the normal to the 
coil lies exactly in the vertical plane, that is, when the plane of the 
coil is parallel to the inclination axis The pressure of the brushes 
on the commutator, which should be only sufficient to secure close 
contact, may be regulated by means of small adjusting screws 
The alternating current induced m the rotatmg coil is conveyed to 
the half rmgs of the commutator, taken off by the brushes as a 
direct current, and carried by the attached conductor wires to the 
galvanometer 

' In making observations for determining dip with an earth mductoi 
of the Wild pattern it may be assumed that the principal adjustments 
have been taken care of m the mstrument shop, that the axis of the 
coil is exactly perpendicular to the inclination axis, that the vertical 
circle is accurately centered, and that the brushes and commutator 
are so placed that commutation takes place at the proper moment 
The observer must see that the levels are m adjustment and that the 
commutator rings and brushes are clean and making good electrical 
contact without too great pressures In cleaning, particular attention 
should be given to the insulating segments between the halves of the 
ring A convement method of cleaning the accumulated oil, dust, 
and metallic particles that may become detached by abrasion is to 
moisten a small strip of tissue paper m alcohol or kerosene and let 
it be drawn between the commutator and brushes, being careful 
to remove all traces of the liquid before beginning woik by wiping 
with dry tissue paper or a piece of pith When thus cleaned a veiy 
light pressure is sufficient to provide an electrical contact 

The flexible shaft should be supported m such a way that there 
will be little side strain on the rotation axis of the coil, with the crank 
m a convement position for rotatmg the coil while observing the 
scale of the galvanometer A sudden starting or stoppmg of rotation 
must be avoided, as it may break the flexible shaft Set up the galva- 
nometer, connect the conductor wires with the earth-inductor 
brushes, first testing the sensitivity of the galvanometer by touchmg 
the finger taps moistened with saliva to the free ends of the wires. 
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This will generate a feeble current, sufficient, however, to deflect 
the galvanometer several divisions if it is sufficiently sensitive 
See that the coil can be easily rotated by the crank Then proceed 
m the following mannei 

1 With veitical ciicle east, place the axis ol the coil vertical by 
means of the level inside the coil and read the vertical encle, fiist 
vith face oJ coil maiked A east and then with A west 

2 Place the axis of the coil approximately m the lme of dip, rotate 
the coil and observe the galvanometer By successive tuals find the 
setting at winch no deflection of the galvanometei is produced when 
the coil is rotated For this setting record the time and the leading 
of the vcitical circle Rotate the coil m the opposite direction, make 
anothei setting, and read the vertical circle Make two more set- 
tings, one for rotation m each dnection The vertical ciicle should 
always be clamped when the coil is rotated After the first reading 
the changes m setting can be made with the tangent screw 

3 Place the axis of the coil vertical again, and lead the vertical 
citcle m two positions of the coil 

4, 5, 6 Pioceed m the same mannei with vertical circle west 

The computation is simple Foi vertical circle east, subtract the 
mean o( the leadings with axis vertical horn the mean of the ieadmgs 
\uth axis inclined Foi vertical ciicle west, subtract the mean of the 
leadings foi axis inclined from the mean of the readings for axis 
vertical Add 90° to, or subtract 270° from, the two differences to 
get the dip 

Form 407 MAGNETIC Dip 

Station, Sitki, A1 isk \ tile, Fcbru irv *5 190R 

Fnrth inductor No 2 Observei, U M W Fdmonds 

Magnetic meridi in re ids 10° 40' 
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For field use the instrument must be portable, quickly set up, easily 
adjusted and, most important of all, must be provided with a highly 
sensitive galvanometer, rugged enough to withstand the inevitable 
rough handling of transportation, so nearly nonmagnetic that it can 
be set up within 2 or 3 feet of the earth inductor without influencing 
the field to be measured, and so designed that it can be set up and. 
adjusted for use m the least possible time To meet these conditions, 
the Carnegie Institution of Washington has designed an earth inductor 
and galvanometer which have been widely used by its department oi 
terrestrial magnetism and have given satisfactory service under a 
great variety of conditions 

C I W galvanometer — This is a veiy small portable instrument 
(fig 11) made to be mounted on a light tripod, and so designed that 
the arm carrying the telescope and scale, as well as that supporting 
the counterweight, can be folded up snugly against the mstiument, 
convement for packing in a comer of the earth-mductor canymg 
case It is of the Kelvin astatic type, the magnets of the moving 
element being so small and so arranged that when the galvanometer 
is mounted approximately m the magnetic prime vertical through the 
earth inductor and at nearly the same level, then effect on the field to 
be measured 'will be negligible This moving element consists of a 
phosphor-bronze stem which carries near its center a damping vane 
and the mirror, at the upper end three small magnets with north ends 
directed to the obseiver’s left, and at the lower end a similar group of 
three magnets oppositely directed The element is suspended from 
a very fine quartz filament so as to hang centrally m its housing 

The upper end of the filament is attached to a rod passing through, 
a ring winch forms the top of the suspension tube The uppei end of 
the rod is held by a set sciew m a second ring which rests on the 
first By releasmg this set screw the height of the rod and the moving 
element may be adjusted A clamp screw m the lower rmg pi events 
the rod from turning and permits torsion adjustment when necessary 
It is very important that both of these screws be clamped firmly 
except when an adjustment is bemg made 

An essential feature of the mstrument to secure portability is a 
clampmg device which will prevent any movement of parts which 
might break the filament and which will not distort the system 
This is accomplished by allowing two V-shaped jaws to close around 
the stem just above the dampmg vane, when a sprmg of suitable 
tension is released by the clampmg sciew The front and back doors 
of the suspension chamber are hinged at the bottom, permittmg 
easy access to the mtenor when necessary Two coils aie attached 
to the inside of each door, so placed that when the doors are closed 
each group of three magnets will hang centrally between a pair of 
coils m a copper damping box The teiminals of the coils are at- 
tached to binding posts lettered from A to H and connected externally 
from B to C, D to E, and F to G, and from H to A through the 
earth mductor When so connected the coils are in series, all tend- 
ing to turn the magnet system in the same direction when a current 
from the earth mductoi passes through them 

The azimuth or sensitivity of the suspended system may be altered 
by the use of control magnets Adjustable holdeis for these mag- 
nets are attached to the suspension tube and to a spindle extending 
below the base of the mstrument The magnets are to be used m 
pairs, the north ends of a pair pomtmg m the same dnection. When 
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more than one pan of magnets is used, those below the suspension 
chamber should point m the opposite dnection fiom those above 
The use of control magnets should be avoided, ll possible, since the 
effect of change ol temperatuie on then magnetic moments will 
cause the zeio of the scale to drift 

The galvanometei is mounted on its own tnpod, with leading 
telescope and scale in fiont and a counterpoise m the icai Alter it 
has been leveled approximately by eye, the magnet system is released 
by gently screwing up the clamp sciew on the left ol the suspension 
chamber The leveling can then be completed by noting thiougn 
the small openmgs when the magnet system hangs cent] ally m the 
suspension chamber, as the mstiument is turned m azimuth lhis 
leve lin g must be done very caielully, otheiwise the damping vane 
may touch the damping box at some point and provent lree move- 
ment of the magnet system 

Since the magnet system is designed to be astatic and can only be 
attached to the hook at the lowei end ol the quaitz filament when 
the filament is approximately fiee ot torsion and the hook is lacing 
the front of the instrument, the mmol should bo in position to 
reflect the scale to the telescope when the leveling has been done 
carefully 11, however, the minor is seen to turn poisistently to 
one side as the instrument is turned in azimuth, a small adjustment 
ol the torsion head may be lequued, or, il conti ol magnets aie used 
to mciease the sensitivity, they may be used also to adjust the posi- 
tion of the mirioi 

Insertion of filament — The galvanometei is so designed that with 
reasonable care m handling a filament will last indefinitely A box 
of extra filaments with lugs and hooks alieady attadied aie lumished 
with the mstrument to pi o vide loi the possibility of breakage They 
are so fine that they can be seen only m a Javoiablc light, and while 
they will stand considerable tension, they aie very buttle and easily 
bioken il bent sliaiply 01 sub jet ted to sheai , par tic ulaily at the points 
ol junction with the hook and lug 

It is advisable, beloio unc lamping the magnet system in pioj)aia- 
tion loi obseivmg, to inspect the ujipci end through the small open- 
ings 11 the hook is missmg oi not elect, it is evident that the 
filament is bioken To mseit a new filament, fust iemove the lod 
with ring attached (toision head) fiom the suspension tube and 
iemove the lug of the old filament from the end ol the lod This 
lug and the hook are to be saved and l etui nod loi iuithci use Sight 
thiough the suspension tube to see that it is liee from spidei webs 
or other obstructions Set the galvanometei on its tupod (or on a 
table) and see that the mmoi is parallel to the liont window, as the 
suspension system will be injured when the dooi is opened unless 
this is the case Remove the coppcx conductoi connecting posts 
D and E and open the front dooi Remove the hook ol the old 
filament, it may be loose in the bottom of the chamber oi stdl hooked 
into the upper end ol the suspension system 

Remove the covei fiom the box ol filaments Great care must be 
taken to be smo that nothmg touches the filaments and that nothing 
is left loose in the box Inveit the box and allow the frame ol fila- 
ments to come out gently onto the hand Place the frame on a flat, 
dark surface (such as a tablet ol blank loi ms covered with black 
paper) with the hooks to the light Loosen the set sciew holding the 
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hook end of one of the filaments and with a pair of tweezers care- 
fully lift the hook from the groove of the frame and let it down onto 
the dark surface under the frame, bemg careful not to touch the other 
filaments Loosen the set screw holding the lug, hold the lug with 
the tweezers and with the other hand diaw the frame to the left 
until the lug is clear and can be lowered onto the dark surface 
Tighten the set screws m the flame, replace the frame m the box and 
attach the cover Some observeis prefer to have the box of filaments 
mounted on the inside of the lid of the mstrument case, so that 
when the case is open the box is in a convement position lor taking 
out a filament without removing the frame from the box Altei 
the clamps have been released the lug is picked up carefully by 
tweezers and the filament lifted out and laid onto the dailc surface. 

With the toision head in the left hand and the lug held by tweezers 
in the right, the lug can be inserted mto the hole m the rod without 
bending the filament more than it will stand After clamping the 
lug, raise the torsion head and with it the adjacent end of the dark 
surface, so that the filament may be picked up without undue bending 
and lowered mto the suspension tube and tne torsion head put back 
m place Alter the level of the galvanometer, if necessary, so that 
the hook swings free Adjust the torsion head until the hook faces 
the front of the mstrument and is about 3 mm above the centei of 
the upper coil With the tweezers take hold of the stem of the magnet 
system just above the clamp, release the clamp and attach the stem 
to the hook, bemg careful to allow the filament to take the load vei y 

f ently Bring the stem to the center of the grooves of the clamp 
y means of the leveling screws, adjust the height of the system, if 
necessary, so that the vane is centered m the dampmg ehamboi 
Clamp the magnet system, close the door, and replace the connection 
between posts D and E 

Carnegie Institution of Washington earth inductor — This typo of 
mstrument (fig 11) was designed to form part of a combined magne- 
tometer and earth mductor both to be mounted on the same base 
Both horizontal and vertical circles are 4 mches m diametei and are 
read by two vermers to whole minutes and by estimation to half 
minutes The tangent screw of the vertical circle has a micrometer 
head divided mto 50 divisions, one division of which coi responds to 
20 " 

The rotation axis of the coil has comcal ends which lest in conical 
agate cups The cap carrying the agate beaimg at the commutator 
end is provided with means for lateral adjustment so that the lotation 
axis may be placed accurately at right angles to the inclination axis 
This adjustment should not be changed in the field and the lock 
nuts should be kept set up, so that there will be no chance of an 
accidental change The other agate bearing has a longitudinal 
adjustment along the axis to permit the taking up of any lost motion 
m the bearings It may be necessary to make this adjustment 
frequently, as the linear coefficient of expansion of the coil and its 
rotation axis is not the same as that of the supporting ling The 
mstrument should be examined at every station before obseivmg, 
to see that the coil rotates freely without lost motion 
The method of observing with this type of mstrument is essentially 
the same as described above, except that the leadmgs with axis ol 
coil vertical are omitted Unless the vertical circle is very carefully 
adjusted with respect to the axis of the coil, so that the circle reads 
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exactly zero or 180° when the axis is hoiizontal, the values of dip 
for veitical circle east and vertical circle west will difter by an amount 
corresponding to the sum ol the readings with axis vertical m the 
observations with Wild pattern mstiument As long as the rotation 
axis ol the coil is kept m good adjustment and the position of the 
vertical circle with lospect to the suppoitmg lmg is unchanged, this 
difleience should lemam constant 

Foi observations in the field, where the mstruments are packed and 
tiansported between stations, gieatci caie must be exercised to 
make sure that they aio in good woiking condition than is necessary 
at an obseivatoiy Particular attention must be given to cleaning 
the bcanng sui laces of paits packed separately, adjustment of levels, 
adjustment of beaim^s of rotation axis, cleanmg commutator and 
blushes, care m handling the galvanometer to avoid breaking the 
fiber and sensitivity of the galvanometer In removing the earth 
inductor from the box it should be lifted by the base and not by the 
rmg or coil If oil or vaseline is used to clean the commutator, it 
must be caiefullv wiped dry with soft tissue papei or cheesecloth 
Avoid excess piessuie on the brushes It is customaiy to have 
suppoits foi the cable of the flexible shaft attached to the crossbars 
of the observing tent The obscrvei should not leave the tent while 
the cable is attached to the earth mductor and suspended horn the 
crossbars The galvanometer should be set up m such a position 
that the scale can be obscivod through the reading telescope at the 
same time that the coil is bemg rotated Care must be taken to 
clamp the magnet system ol the galvanometer, with the mnror 
approximately parallel to the liont window, bcloie dismounting the 
mstiument 

Peep sights as well as a compass attachment aie sometimes provided 
for settmg the earth mductoj m the magnetic mendian If the true 
azimuth of a leloLcnco maik and the magnetic declination aie known, 
(he m endian settmg may be made using the peep sights Ordmanly 
it will be ncccssajy to use the compass attachment Dowel pms on 
the under side of the compass box fit into two holes on one face of 
the rmg supporting the coil These arc of difleient size so that the 
compass box must always be placed m the same relative position on 
the rmg Set the rmg approximately horizontal with the holes up 
and the commutator end of the rotation axis pointing approximately 
south Put the compass box in position, carefully lower the needle 
onto the pivot and see that it is piopeilv seated and swings freely 
Change the inclination of the ling until the needle tips are at about 
the same distance above the mirrors and turn the instrument m 
azimuth until the north end of the needle and its reflection m the 
mirroi aio in the same vertical piano wnth the mdex lme on the 
mnroi surface Record the leading of the hoiizontal cncle Repeat 
the operation for the south end oi the needle Raise and lower the 
needle and repeat the whole opeiation The mean of the four circle 
leadings will be used as the settmg of the hoiizontal cncle for the 
dip observations Lift the compass needle and set the lifter firmly 
so that it will not come loose m transit and lemove the compass box 
to a safe distance fiom the tent 

Set the horizontal cncle at the leading for magnetic meridian with 
veitical circle east, and set the veitical circle to the approximate dip 
ioi the station To facilitate the use oi the instrument, it is desir- 
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able always to connect the terminals of the earth inductor with those 
of the galvanometer so that it may be determined from the direction 
in which the galvanometer is deflected whether a preliminary setting 
is too great or too small Accordingly the terminals are lettered and 
should be connected as indicated, A to A 

Attach the cable to the axis of the coil and slowly lotate the coil by 
turning the coil in a clockwise ( + ) direction, at the same time observ- 
ing the galvanometer scale If the scale readmg increases, turn the 
tangent screw of the vertical circle clockwise by a small amount 
Rotate the coil agam m the same direction If the scale reading 
still increases, repeat the operation by uniform steps until it is 
found that the increase of scale readmg is very small when the coil 
is rotated 

Note the readmg of the micrometer head of the tangent screw and 
then advance it clockwise by steps of two divisions, rotating the cod 
and readmg the scale for each step, until a pomt is reached where the 
scale readmg of the galvanometer decreases for clockwise lotation 
of the coil The mean of the readings of the micrometer head for the 
last perceptible increase of scale readmg and the first perceptible 
decrease will be the proper setting for the pomt of zero deflection 
Make this settmg, rotate the coil to see that there is no deflection of 
the galvanometer and record the time and the readmg of the vertical 
circle, readmg both verniers To avoid possible error from backlash 
m the tangent screw, all settings should be made with a clockwise 
motion of the micrometer head 

Repeat the entire operation of settmg for zero current for counter- 
clockwise (— ) rotation of the crank, then for clockwise lotation and 
then for counterclockwise rotation agam, recordmg the readings of 
the vertical circle for each settmg 

Note the level bubble, turn the instrument 180° m azimuth to the 
position “vertical circle west,” and set the vertical circle to the 
approximate dip as before Note the level bubble and relovcl, if 
necessary, making a note of the fact m the record Repeat the obsei- 
vations as with vertical circle east, recording the time of the last 
setting 

Compute the mean dip and the difference m the values for veitical 
circle east and vertical circle west (E-W) This difference should be 
fairly constant for a season’s work If the value at anv station 
differs by more than 2' from the average value another set of observa- 
tions should be made after looking carefully to see that the instill- 
ment is in good adjustment 

Difficulty m usmg an earth mductor, particularly at a field station, 
sometimes arises from the accumulation of electric charges on the 
walls of the tent, or on the person, hair, or woolen clothes of the ob- 
server This has been particularly troublesome m dry climates 
especially where there is much wind-earned dust Owing to the 
very light weight of the galvanometer suspension and the delicacy 
of the filament by which it is suspended, the presence of these chaiges 
on moving objects produces motions of the mirror which interfere 
senously with the work It will usually be sufficient to avoid un- 
necessary fnction between such objects, oi possibly to moisten the 
earth on which the observer stands, and the portion of the tent adja- 
cent to the galvanometer, Similar tiouble in magnetometer obseiva- 
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lions has been overcome by leading a fine coppei wiie from the sus- 
pension tube to the ground and touching this wire with the finger when 
obseivmg 

DETERMINATION OF THE HORIZONTAL INTENSITY 

As alieady explained, the determination of the honzontal inten- 
sity involves two opeiations called “oscillations” and “deflections ” 
The observations at a station usually comprise two sets of each, 
ananged m the oidei Oscillations, deflections, deflections, oscilla- 
tions They are made with a magnetometer, two types of which 
have been described, and as they usually follow a set of decimation 
obseivations it may be assumed that the instrument is m adjust- 
ment, that the torsion has been lemoved irom the fibers, and that the 
long magnet is suspended 

TORSION OBSERVATIONS 

Set approximately on the veitical line in the magnet, so that this 
lin e swings by about equal amounts to the light and left of the middle 
division ol the telescope scale Reduce the arc of vibration to two 
divisions 01 less Read the honzontal circle and recoid the reading 
m the last column ol the lorin, under “Circle leadings ” Read the 
toision cucle at the top ol the suspension tube and read the scale for 
the extremes of the swing ol the magnet and record the readmgs m 
the place piovided on the foim Turn the toision head 90° to the 
right and lead the scale Turn the torsion head 180° to the lelt 
(that is, 90° to the left ol its original position) and again read the 
scale Turn the torsion head 90° to the right and read the scale 
The torsion head now leads the same as at the beginning and the last 
scale reading should be veiy nearly the same as the first The 
differences between successive scale leadings give the effect of 90°, 
180°, and 90° ol toision, lespectively, in scale divisions and their sum 
divided by loui and multiplied by the au value ol one division of the 
scale is the a\eiagc eflect ol 90° ol toision, the quantity h required 
to coirect the time ol one oscillation loi eflect or torsion These 
observations should be made at each station, though it will be found 
that h remains nearly constant unless theie is a change ol fibei, oi a 
considerable change of II 

OSCILLATIONS 

The oscillations are usually ananged m such a way as to give eight 
or ten mdependent deteimmations ol the time of a selected number of 
oscillations, winch foi convenience m computing should be some mul- 
tiple ol 10, pieieiably 100 Increase the aic of vibration to about 
20 divisions, 10 on eithei side ol the middle (the amplitude ol aic 
between turning pomts should nevoi exceed 90'), and determine the 
approximate time ol one oscillation by counting the numbci ol seconds 
required foi loui oi six oscillations, and liom that compute the tmie, 
not ovei half a minute, which would be required for some odd number 
of oscillations In the sample set six oscillations took about 22 
seconds and the observer selected seven oscillations as the observing 
interval, conespondmg to a time interval of about 25 5 seconds He 
then arranged his program to observe eveiy seventh oscillation fiom 
0 to 49 and from 70 to 119, thus obtaining eight independent detei- 
mmations of the time ol 70 oscillations When the observing piogiam 
has been outlined m the fust column ol the loim, the succeeding opera- 
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tions are as follows Read the theimometer and the scale Note and 
record on the first line of the second column of the form the time when 
the vertical line m the magnet crosses the middle division of the scale 
of the telescope, the magnet swinging from left to light About 
25 5 seconds later note and record the time when the vertical line m 
the magnet crosses the middle division of the scale, the magnet 
swinging from right to left, and so on at mteivals of about 25 5 
seconds until eight readmgs have been taken Then lead the thei- 
mometer and scale again Compute appioximately the time when 
the seventieth oscillation may be expected, and when that time 
arrives begin a second senes of eight readmgs at mteivals ol about ! 

25 5 seconds At the close read the theimometer and the scale 
agam This completes the set of oscillations Working m this way 
it is necessary to look m the reading telescope for only a lew seconds 
at the time of each observation A few seconds befoie the piedicted 
time of transit the observer picks up the beat of the chionomctei and 
begms to count half seconds and then looks mto the telescope and ' 
waits for the transit to occur Thus for the fourteenth oscillation he 
might pick up the beat at 14 h 58 m 20 s and count Half — one — halt— • 

two — half — three — half — four — half — five — half, the transit occumng 

between jive and half The 
fraction of the hall second 
can best be estimated by 
noting mentally the i dative 
position ot the veitical line 
m the magnet and the m lddle 
division of the scale fox tho 
beats just befoio and lust 
aftei the transit and dividing 
up the halt second m the 
same piopoition that the 
Figure 12 — Four and si? oscillations space IS divided bv the 

position at transit It will 
usually be possible to hear the beat of the chronometer while 
observing, but in case this is prevented by noise the obseivci can, with 
a little practice, learn to count the half seconds accuiately without 
hearing the tick, foi the few seconds mvolved The chionoinetoj 
should be k(mt fai enough fiom the magnet to guard against possible 
disturbing effect of the spring and other steel paits 
The readmgs of the scale at the beginning, middle, and end ol the 
set serve to show how much the decimation changes duimg the set 
and may indicate the occurrence of magnetic distui banco Undoi 
the action of a constant foice, the difference between the extreme 
readmgs that is, the amplitude of the swing — will gradually dimmish 
as m the sample set, 59 2, 47 5, 37 0 An increase of amplitude, or a 
failure to decrease, would be indication of a fiesh impulse in tho form 
of a magnetic disturbance 

In arranging the observing program, several factois must be taken 
into consideration On the one hand, it is desirable to avoid taking 
too much time for a set of observations, since it is assumed m the 
computations that the horizontal intensity is the same at the time 
of deflections and oscillations On the other hand, it the time is too 
short the observing error will enter too largely mto the lesult The 
observing error is almost exclusively m estimating the time of tiansit 
of the vertical lme in the magnet across the middle division of the 
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scale, and its effect on the result is inversely pioportional to the length 
of time between the first and second halves oi the set — m the example, 
the time of 70 oscillations The probable error of the result is 
inversely piopoitional to the square root of the numbei of independent 
determinations of the time of the selected number of oscillations If 
we assume that the eiror m observing the time between any two 
tiansits is only 0 1 second, an accuracy readily attamable under 
oidmary conditions, the uncertainty of the resulting value of H from 
this souice may be computed foi any particular observing piogiam, 
ox an observing piogram may be chosen which will give the desired 
degree of accuracy 

W N McFarland has made a mathematical analysis of the problem, 
from which he found that foi a set of observations of n transits at 
equal intervals of d oscillations, the greatest accuracy is secured by 
combming the first transit with transit (2^/3 + 1), the second with 
(2^/3 + 2), etc, up to transit ti/ 3 with the nth transit, discardmg 
transits (n/3 + 1) to (2n/3) This conclusion may be verified by an 
examination of the sample set of oscillations As the observations 
weie made and computed, the uncertainty in the time of one oscilla- 
tion ansmg from an cnor of 0 1 second m measuring a time mterval 
is 0 1 — 254 6 or one part m 7,201 Omitting the forty-ninth and 
seventieth transits in the computation, the error is 0 1—280 1V7 
oi one part m 7,411 Omitting the forty-second, foity-ninth, seven- 
tieth, and seventy-seventh transits, the enoi is 0 1 — 305 5V6, oi one 
part m 7,483 From this it would appear that accuracy is lost by 
using the middle third of such a continuous set of observations, or, 
in other words, that for a set coveimg a fixed period of time the best 
result will be obtained by observing transits at regular intervals foi 
the first and last thuds of the period omitting observations for the 
middle thud It should be noted, however, that the accuracy of the 
lesult is affected somewhat by liiegulai changes m decimation and 
horizontal intensity m the course ol the sot of observations These 
are always present, and an me lease m the number of mdependent 
determinations ol the time mterval tends to eliminate then effect 
It is advisable, therefore, to note as many as 8 transits m each half 
set and 10 simplifies the computmg The number should always be 
even Eight determinations of a time intei va! of five minutes will 
give a value of the time of one oscillation with an uncertainty due to 
timing of only one pait m 8,500, which is entirely satisfactory for 
most purposes, and well within the eirors horn other sources inherent 
m field obseivations The number of oscrllations m the tmie mterval 
will be goveined by the time ol one oscillation, but a multiple ol 10 is 
convenient lor computmg purposes 

DEFLECTIONS 

Place the deflection bars (or bar) m position, remove the long mag- 
net from the stiripp and suspend the shoit magnet elect m its place, 
taking car^ to keep the two magnets at least 30 cm apart and (m 
the case of silk-fibei suspension) to slacken the fiber as little as possi- 
ble Kemove the thermometer from the magnet house and plug up 
the hole Place the theimometer mside the east deflection bar, first 
removing it fiom its case, ll it is m one, and bemg careful to leave the 
stem projecting from the bar so that it may be removed without 
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difficulty (In the case of the India survey and Carnegie Institution 
of Washington types of magnetometer the long magnet and the 
thermometer are placed in a wooden box which is placed in the dif- 
ferent positions on the deflection bar ) Place the long magnet elect 
with north end east at the shoitei distance on the east bar and the 
counterpoise (toision weight, in the case of magnetometers of the 
Coast Survey type) on the west bar Be sure that the short magnet 
is in the same horizontal plane with the long magnet This may be 
determined by sightmg through the holes in the magnet box 01 
through the hole in the center of the torsion weight Point on the 
vertical line (or the middle division of the scale) of the suspended 
magnet, checking its swing to about two divisions of the scale, and 
read the honzontal circle Move the long magnet out to the longer 
distance on the east bax and again point on the vertical lme m the 
suspended magnet and read the horizontal circle Turn the long 
magnet end for end and repeat the pointing and leading, then move 
it up to the shorter distance and make a fourth pointing and reading 
Read the thermometer For Coast Survey magnetometers, tiansfer 
the thermometer fiom the east bar to the west bar If the transfer of 
the deflector from one position to another be made slowly, large 
oscillations of the suspended magnet will be avoided and the reduction 
of the arc of swing to the allowable limit will be simplified In the 
transfer from the east bar to the west, the deflector should be moved 
slowly away toward the east some distance beyond the end of the 
bar and then kept at that distance as it is earned around to a position 
beyond the end of the west bar, then slowly brought mto position 

on the bar i . , . , , 

Place the long magnet with north end west at the shorter distance 
on the west bar and the torsion weight on the east bar The subse- 
quent procedure is the same as for long magnet east Read the ther- 
mometer at the close The observer should bear m mind that it is the 
temperature of the long magnet which is required both in oscillations 
and m deflections, and he should endeavor to place the thermoxneter 
so that it will be of the same temperature as the magnet If the 
temperature is changing rapidly or if it is materially difierent on the 
two bars, more readings should be taken than are specified above 
A second set of deflections should follow immediately after the first, 
but with both magnets inverted and reversing the order of the posi- 
tions of the long magnet At its close, return the short magnet, 
deflection bars, and torsion weight to the magnetometer case, suspend 
the long magnet inverted, return the thermometer to its case and to 
the hole m the m agn et house, and make a second set of osculations 
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Form 41 

Horizontal Intensity 

Station, Mansfield, Ohio 

Magnetometer No 38 Magnet inverted 

Chronometer No 1555, daily rite losing 1 +0“ 32 on mean time 


Oscillations 

Date, August 6, 1928 
Observer, S A Deel 


Number of 
oscillations 

Chronometer time 

Temp 

t' 

Extreme scale readings 

Circle readings 


ft TO 8 

0 

d 

d 

o r // 

0 

14 57 34 5 

29 5 

0 8 

60 0 

185 37 30 

7 

58 00 0 

1 



5 38 30 

14 

58 2.5 4 





21 

58 51 0 




185 38 00 

28 

59 16 3 





15 

59 42 1 




Time of 70 

42 

15 00 07 2 




oscillations 

49 

00 32 7 

29 6 

7 2 

54 7 




TO s 

70 

15 01 49 1 




4 14 6 

77 

02 14 7 




14 7 

84 

02 40 1 




14 7 

91 

03 05 3 




14 3 

98 

03 31 1 




14 8 

105 

03 56 6 




14 5 

112 

04 22 0 




14 8 

119 

04 47 3 

30 0 

12 0 

49 0 

14 6 


Means 

29 70 

6 67 

54 57 

4 14 625 


Formula 7IM=tt OOOO110<Z)’ (l +(«-Off) ( !+**§) ] 


Torsion observations 


Torsion 

circle 

Stile 

Mean 

Diffs 

O 

d 

d 

d 

d 

330 

29 0 

31 9 

30 45 


210 

17 3 

39 1 

38 20 

7 75 

60 

21 3 

23 2 

22 2o 

15 95 

330 

29 2 

31 5 

30 35 

8 10 


Mean ft=7 05=15 74 


One division of scale =1 98 


t = 28 30 


(i-O--! 40 


Time of 1 oscil 


log T 


log T 

‘ (1+ 0000116*0° 
“ ( 5400 v 

\ 5400-ft/ 

“ [i +(«-«')«] 

“ (h-4) 


Divisor 

HM 


3 63750 


0 56080 


1 12160 
0 

126 

32 

78 


1 12332 


2 81711 


i Plus for losmg rate and minus for gaining rate 
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Form 39 

Horizontal Intensity 

Station, Mansfield, Ohio 

Magnetometer, No 38 

Long magnet deflecting, inverted 


Deflections 

Bate, August 6, 1928 
Observer S A Deel 
Short magnet suspended, inverted 


Long 

magnet 

North 

end 

Circle readings 

I Distance r=22 cm 

II Distance r**28 cm 

A 

B 

Mean 

A 

B 

Mem 

East 

E 

W 

or n 

203 16 30 
167 37 00 

/ n 

17 30 

37 30 

r tr 

17 00 

37 15 

0 / // 

193 59 00 
177 01 00 

/ // 

60 00 

02 00 

/ // 

59 30 

01 30 

2 u 35 39 45 

16 58 00 

West 

W 

E 

167 47 00 
203 32 00 

47 30 

33 00 

47 16 

32 30 

377 04 00 
194 06 30 

05 00 

07 00 

04 30 

06 45 

2 u 

35 45 15 

17 02 15 


Formulas ®“[^( 1 + J- +|) ( 1 “7* ) ]§SV 
log ff=*(log ff+log Mli) 


C 

Sin u 


2 u (mean) 
u 


35 42 30 
17 51 15 


n 


17 00 08 
8 30 04 


Value of log MH from oscillations 

h m ° 

Began at 14 34 Temp 28 0 

Ended at 14 52 “ 28 6 


Mean 14 43 
Chron. cerr’n —29 


L M T 14 14 


Set 

I 

II 

log C 

44 Sin u 

6 28087 

9 48657 

5 90377 

9 10976 

.. E 

M 

6 79430 

6 79401 

“ MH 

44 H 

1 69379 

9 24404 

1 69379 

9 24300 

H 

17541 

17535 

log M 

Red’n to 20° 
log M» 

2 44975 
+191 

2 45166 

2 44989 
191 

2 45180 

Mean 

2 45173 


COMPUTATION 

The computation involves simply the substitution of the observed 
quantities and the instrumental constants m the formulas and requires 
little explanation The observer is supplied with a table of constants 
which gives, for the magnetometer he is to use, the results of the special 
observations made for determining the scale value, moment of inertia, 
temperature coefficient, distribution coefficients, and induction coeffi- 
cient of the long magnet and the deflection distances, and the com- 
bination of the last four (log C) which enters into the deflection 
formula For the magnetometer used m the example, this table was 
as follows 
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CONST 1NTS OF MAGNETOMETER NO 3S 

One division of scale m reading telescope = 1' 98 When the mean 
scale reading is less than 30 d , the reduction to the middle is positive 

Deflection distances at 20° C log C at 20° C 

< m __ 

20 0013 log 1 301058 6 40b35 

21 9956 1 342336 6 28108 

25 0049 1 398025 6 11245 

27 9996 1 447152 5 96398 

For an mciease in tempeiatuie of 1° C , log C decreases 0 000025 
Tempeiatuie coefficient g = 0 00053 foi 1° C , log (1 + g] = 0 00023 
Distribution coefficients P = 8 20, Q = 0 


Induction factoi fi = 2 90 


log fl 

When log 60 

log (l + 

IJL Jj) = 0 00050 

fi 70 


063 

6 80 


079 

6 90 


100 

Moment ol ineitia, K 

Temp 

log ir 2 K 


0° C 

2 81681 


10 

691 


20 

701 


30 

711 


40 

721 


Computing the elapsed time between oscillations 0 and 70, 7 and 
77, 14 and 84, etc , gives eight independent values of the time of 70 
oscillations fiom which the time ol 1 oscillation, T, is denved The 
application of the various collections lequued, including that for 
late of chionometei, and the computation of the value of JIM is 
done ceiy leadily by the use of logarithms As the collection factors 
novel chflei much hom unity, then loganthms aio always nearly 
zero and it may be assumed without appieciable ciroi that the 
loganthm vanes directly as the vanablc pait of the factor, l e 


log (1+ 00001 16o!) 2 = 2d log (1 0000116) =d (00001) 
log [5400 - (5400 —h)] — h log [5400 - (5400 - 1 )] = h ( 00008) 
log [1 + (<-<') = log (1 +g) 

Hence the collection foi late of chionometei is one m the fifth decimal 
place of the loganthm foi each second of daily late, plus foi losmg 
late and minus foi gaming late The collection foi toision is always 
additive and is 8 m the fifth decimal place foi 1 '0 in h Foi a pai- 
ticulai instalment it will be found convenient to piepaie a table 
giving values of log (1 + (*-*') q) foi different values of {i-t'), 
although the loganthm can be fouud by simply multiplying log 
(1+2) (m this paiticulai case 0 00023) by ( t—t ') The value of log 

0 wl ^ ^e f° un d m the table of constants foi diftoient values 


H JJ 

an( ^ value of log^ is obtained fiom the computation 


of deflections The value of log t 2 K foi the temperature of tho 
oscillations is found by mtoipolation fiom the table of constants 


88183°— 30 7 
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When the computation has been completed, the value of log M H 
is earned forward to the deflection form 

The differences between the pairs of circle readings at the two 
distances give two values of 2 u 3 double the deflection angle, for each 
distance, from which the values of u are obtained The values of 
log C for the two deflection distances are given in the table of con- 
stants for the temperature 20° C In the example the deflections 
were made at a temperature 28 °30 C Hence the tabular values of 
log C must be decreased by 0 000025 (28 30 — 20) = 0 00021 The 

values of logjg- axe then obtained by subtracting log sm u from log C 

In good work the two values seldom differ by more than 0 00050 
Should they diffei by as much as 0 00100 the computation should 
be revised and if no mistake is found the observations should be 
repeated 

The computation of H and log M from log H M and log^- follows 

The resulting values of log M are for the temperature of deflections, 
28 °30 The magnetic moment of a magnet vanes with tempeiature, 
as we have seen, and m order to compare the values obtained at 
different times it is necessary to reduce all results to the same tem- 
perature 20° centigrade has been adopted as a standard and all 
values of log M are reduced to that temperature For most pur- 
poses this may be done by means of the formula 

log M 20 = log M+(f-20°) log (l+a) 

In this case (t~ 20°) = 8 °3 and log (1 + q) = 0 00023 
Hence the correction to be applied to log M is +0 00191 

Before the advent of special magnet steel and special heat treat- 
ment in the making of magnets, the magnetic moment of a magnet 
usually decreased quite rapidly for a short time after it was magne- 
tized The rate of loss of magnetism gradually diminished and after 
a few years became very small With present-day magnets only a 
very slow loss of magnetism is to be expected A comparison of the 
values of log M 20 obtained at different times is valuable foi several 
reasons (1) It furnishes a test of the accuracy of the horizontal 
intensity determinations and sometimes leads to the detection of 
errors of observation or computation, (2) it furnishes a check on the 
adopted value of temperature coefficient if there is considerable 
variation in temperature mvolved in the series of observations, (3) 
an accident to the magnet, such as a fall, or improper packing for 
transportation, will usually be revealed by a sudden decrease m log 
M&, and (4) where it is desirable to curtail observations m older to 
save time, as when investigating a region of local disturbance, a value 
of horizontal intensity may be obtained by observing a set of oscilla- 
tions only and combining the value of log H M from this set with a 
mean value of log M derived from observations at other stations 
Under these conditions the temperature correction would be 
(1 + (20—/') q ) and the induction correction can be assumed the same 
as at a preceding station m about the same latitude, or it can be com- 
puted after a prehimnary value of H has been obtained. 
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DETERMINATION OF THE TOTAL INTENSITY 

The determination of total mtensity with a dip circle by Lloyd’s 
method involves two kinds of observations Dip with loaded needle, 
and deflections As the accuracy of the method depends upon the 
constancy of the condition of the needles between the time of stand- 
aidization and the time of observation, every care must be taken to 
secure that constancy The needles must never be remagnetized 
and must be kept from close proximity to disturbing influences 
The weight used m the standardization observations should be left 
m place in the needle and any possibility of bendmg avoided When 
the standardization observations are made, that weight should be 
selected which will be best suited to the region in which the instru- 
ment is to be used The weight should be m the south end for 
places north of the magnetic equator and m the north end for places 
south of the magnetic equator, so that its effect will be to dimimsh 
the tiue dip In the formula involved, F=C Vcos I' esc u esc u\ 
V is the dip with loaded needle, u is the angle of deflection, and 
u f » l— l’ The effect on the result of an eiroi m an observed value 
of V will tend to dimmish as I' approaches zeio and u' approaches 
90° The best approximation to these limits is usually seemed by 
usmg a weight sufficient to cause the loaded end of the needle to 
dip by a small amount, so that V differs from zero by about the 
same amount that u ' differs from 90° 

If the season’s work covers such a large range of dip that the weight 
used during standardization can not be used throughout, or if for 
some other reason a change m the weight becomes necessary, the 
change should be made, if possible, at a place where observations can 
be made befoie the change as well as after 

The remarks regarding care and cleaning of needles and agates and 
adjustment of the dip circle made m connection with determination 
of the dip apply with equal force here The mstrument having been 
leveled and placed m the magnetic meridian, the observations of dip 
with loaded needle follow m each of the four positions Circle east, 
needle face east, circle west, needle face west, circle west, needle face 
east, circle east, needle face west, m the same manner as for regular 
dip observations If the south end is below the horizon the dip is 
regarded as negative The loaded needle is then fastened m the place 
provided between the readmg microscopes, “face” out, and covered 
by the brass shield The other (lighter) mtensity needle is placed on 
the lifter face east and lowered on to the agate supports As the 
microscopes are turned m order to make a pomtmg on the suspended 
needle, carrying with them the deflecting needle, it will be found that 
there are two positions m which the suspended needle may be pomted 
upon by the microscopes, m one of which it is deflected toward the ver- 
tical and m the other away fiom the vertical The microscope which 
m one case pomts on the north end of the needle will in the other case 
pomt on the south end The microscopes are considered direct (D) 
when the south (uppei) end of the suspended needle is deflected 
toward the right and leversed (It) when it is deflected toward the 
left The angular difference between the two positions of the needle 
is 2Uj twice the angle of deflection It may happen that the sus- 
pended needle will be deflected out of one quadrant mto the adjoin- 
ing one, In a dip circle where the veitical circle is graduated m 
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quadrants from zero in the horizon to 90° at the top and bottom, this 
tact must be noted in the record m oidei that the deflection angle 
may be computed coi recti y Thus, for a dip of 70° and a deflection 
angle of 30° the circle readings would be 40° m the same quadrant 
and 80° in the next 

Deflection observations are made with microscopes D and R m 
each of the four positions Circle east, needle face east, cucle west, 
needle face west, circle vest, needle face east, circle east, needle 
face west 

A second set of dip with loaded needle, similar to the first, is then 
made In the intensity observations, as m regular dip, two pointings 
on each end of the needle are to be made m each position, the needle 
being lifted between 

In the Lloyd-Cieak form of dip cucle the needle is supported in 
agate cups, and befoie a rcadmg is taken the needle must be jarred 
to a position of equilibrium by rubbmg or tappmg a metal pomt on 
top of the instrument with an ivory scraper 

A value of dip may be obtamed from the deflection observations, 
since the suspended needle is deflected by approximately equal 
amounts m opposite directions from its undenected position 

A sample set of observations and computation is given below 
When the vertical circle is graduated fiom zero at the sides to 90° 
at the top and bottom and the needle lies m the same quadiant for 
both positions of the microscopes, direct and reversed, half the 
difference of the two cucle readings gives the deflection angle and 
half their sum gives the dip When the needle is m one quadrant 
fox microscopes direct and the adjacent one for microscopes reveised, 


u = 90° — 


D + R 
2 


and 7=90°-— 


When the vertical circle is graduated contmuously from 0 to 360°, 
the readings with circle west are to be subtracted from 180° in taking 
the means 


Then 


u = 


D-R 

2 


and 


D + R 
2 


For obtaining u ,=z I—I f the best available value of I must be used 
This is generally the mean of the results with the two legular dip 
needles, with the mstiumental coirections applied These correc- 
tions and the value of log C are determmed at some place where the 
dip and horizontal intensity have been accurately determined by 
other means, and are usually supplied to the observer from the office 
The formula arranged for computation by logarithms is 

log F=iog c i log CQS +log CSC ^ +Iog csc vL 


As it usually happens that the deflection angle is different for the 
two halves of the deflection set, the form is arranged foi computmg 
the two halves separately and two values of log C aie deter mm ed to 
coi respond The form is also arranged to compute the horizontal 
intensity from the formula 

H=F cos I 
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Foim 389 

Total Intensity 

Station, Femandma, Fla 

Dip circle No 35 

End of needle marked B north 


Needle No 4 


Dip with Loaded Needle 

Date, April 14, 1910 
Observer, S S Winslow 
Weight No 6 
North end 1 up 


Circle east 
Needle face east 


Needle f ice w est Needle face east Needle f ice w est 


153 35 

38 

333 38 

42 

26 24 

25 

200 27 

30 

25 10 5 

40 

205 32 

35 

154 08 

08 

334 02 

05 

36 5 

40 0 

24 5 

28 5 

40 0 

33 5 

08 0 

03 5 


| -20 26 5 

-2b 24 2 I , 

Mem I', Sot 1 —20° 01' S 


! -25 54 2 

-25 45 5 

u'=I-r=8&° 29' 3 


Cncle oist 
Needle face east 


Needle face west Needle f ice cast Needle face west 


& 

N 

S 

N 

S 

N 

ft 

N 

o t 

153 28 

25 

0 / 

333 30 

27 

0 / 

26 31 

28 

200 25 

25 

o / 

25 4b 

15 

o r 

205 40 

38 

o / 

154 10 

08 

0 t 

334 00 

333 58 

20 5 

28 5 

29 5 

25 0 

45 5 

39 0 

09 0 

59 0 


I -2b 27 2 

-2b 20 0 I 

Mo m I', Set 2 -20° 09' 5 


| —25 56 0 

—25 49 1 

U f =I-r=88° 34' 0 


Beginning 

Ending 

Mean 

Corr’n on L M T 


Chron time Temp Remarks 
h in 0 
9 55 20 7 

10 21 20 8 

10 08 20 75 

+23 


L M T 10 31 

Magnetic meridian re ids 


i Note whether noith end is up oi down Do not leverse polarity 
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Form 389 


Total Intensity 
S tation, Fernandina, Fla 

Dip circle No 35 Needle No 4 deflecting, No 3 suspended 


Deflections 

Date, April 14, 1910 


Circle east, needle {ace east 

Circle west, needle face west 

I 


R 1 

Ri 

D 1 

S 

N 

S 

N 

S 

N 

S 

N 

O / 

274 17 

15 

o / 

94 21 

25 

o / 

211 30 

28 

0 / 

31 33 

30 

0 / 

266 58 

55 

0 / 

87 00 

86 58 

0 / 

329 22 

23 

o / 

149 23 

23 

16 0 

23 0 

29 0 

31 5 

56 5 

59 0 

22 5 

23 0 

94 19 5 

125 49 7 

62 54.9 

7=62 22 3 

31 30 2 

62 49 3 

31 24 6 

93 02 2 

62 25 0 

31 12 5 
it=31 18 6 

30 37 2 

123 39 4 

61 49 7 

Circle west, needle face east 

Circle east, needle face west 

E 


R 

R 

D 

S 

N 

S 

N 

S 

N 

S 

N 

e / 

329 02 

03 

0 / 

149 10 

10 

o / 

265 24 

27 

O / 

85 36 

32 

0 / 

210 30 

28 

0 / 

30 38 

40 

o / 

273 10 

15 

o / 

93 29 

30 

02 5 

10 0 

25 5 

34 0 

29 0 

39 0 

12 5 

29 5 

30 53 8 

125 24 0 

62 420 

7=62 19 8 

94 30 2 

63 36.4 

31 48.2 

30 3 
62 4 

31 2 
tt=31 3 

4 0 

7 0 

3 5 

5 9 

93 21 0 

123 55 0 

61 57 5 



Chron Time Temp 

Computation of F and H 

Beginning 

Ending 



10 05 

10 20 

21 0 
20 8 

log cos r 
“ esc u 


9 95336 

0 28427 


9 95307 

0 28070 

Mean 

Oorr'n on L M T 


10 12 
+23 

10 35 

20 9 


CSC u' 


0 00015 



L M T 




Sum 

Half sum 
log C 

0 23778 

0 11889 

9 62333 

0 23391 

0 11696 

9 62497 






a 

F 

9 74222 

9 74193 

7 from deflections 


o 

62 

62 

62 

/ 

21 0 

Mean 
log cos 7 

9 74208 

9 66574 

F= 55218 

i from regular dip needles {JJJJ j 

22 3 

26 7 


H 

9 40782 

77= 25575 


pended’needle u* north or n0te Wh6ther upper ^ uth > •* of the eus- 
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INVESTIGATION OF REGIONS OF LOCAL DISTURBANCE 

In regions where the values of the magnetic elements are abnormal 
and change rapidly from place to place, it is often desired to deter- 
mine m more or less detail the magmtude and extent of the local dis- 
turbance The methods to be employed m such cases will depend 
on the use to be made of the results and the detail and accuracy 
required Where only a geneial idea of the nature of the disturbance 
is desired, a limited number of stations will often suffice and great 
accuracy is not necessary, and the methods already described may be 
modified so as to furnish approximate values of the three magnetic 
elements withm a reasonable time When greater accuracy is de- 
manded or a more detailed survey is to be made, as in geophysical 
prospectmg, wheie the object is to determme the underground 
geological formations from the magnetic conditions at the surface, 
special instruments and methods aie usually employed 

In the progress of the magnetic suivey of the Umted States, it 
has been the practice to make observations at a number of auxiliary 
stations m a region wheie the observations at the primary station 
mdicated the piesence of considerable local disturbance At the 
auxiliaiy stations the observations were limited to azimuth obser- 
vations eithei mornmg or afternoon, one set of decimation, one set 
of oscillations, and dip with one needle without reveisal of polarities 
The latitude, the magnetic moment of the long magnet, and the 
correction to be applied to the half set of dip could be derived with 
sufficient accuracy from the observations at the primary station 
In this way the three elements could be determined at four auxiliaiy 
stations m a day For a more detailed survey, with stations near 
enough together to be intervisible, it would not be necessary to make 
azimuth observations at each station, and the work could be further 
curtailed by omitting the decimation set and simply reading the 
honzontal cucle for pointings on the icference maik and the magnet 
m connection with the set ol oscillations 

For a detailed survey of a region where there are deposits of mag- 
netic iron ore and the accompanymg local disturbance is large, results 
of sufficient accuracy can be secured with greater rapidity by a simpler 
apparatus For a preliminary examination the Swedish mining com- 
pass is a valuable mstrument It consists of a cyhndncal brass case 
m which a magnetized needle is mounted m such a way as to be free 
to swmg m a vertical plane as well as m the horizontal plane It may 
be used either as a dip mstrument, 01 , by balancmg the needle by means 
of a suitable weight so that it will he horizontal outside the disturbed 
region, to indicate the changes m vertical intensity m the disturbed 
region 

The Thal^n-Tibeig magnetometer, also of Swedish design, is suit- 
able for a more accurate detailed survey of selected portions of the 
disturbed region indicated by the pielimmary exammation It can 
be used to determine changes in horizontal mtensity as well as m 
vertical mtensity A magnetized needle is mounted on pivots m a box 
so that when the box is horizontal it will serve as a compass needle 
and when the box is vertical it will serve as a dippmg needle The 
box is so mounted that it may be turned about a honzontal axis, 
through an angle of 90 °, from the horizontal to the vertical position 
For the horizontal position there is a deflection bar and a deflector 
by means of which relative values of horizontal mtensity may be 
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determined In the vertical position the needle is loaded so that it 
will lie horizontal, when outside the disturbed aiea The difference 
of vertical intensity at different stations is measured by the change 
m the angle of inclination of the loaded needle 

Where the magnetic anomalies to be expected are small, as m pros- 
pecting for oil, it is necessary to make use of more refined methods and 
instruments designed for greater accuracy Account must be taken 
of the efEect of change of temperature on the magnetic moment of the 
magnet system and provision must be made for determiiung the vari- 
ation of the earth’s magnetism m the course of the day 

The vertical intensity field magnetometer (Feldwage fur Vertical- 
mtensitat) designed by Ad Schmidt is probably used more widely 
for such surveys than any other type The magnet system consists 
of two ellipsoidal lamellar magnets attached to a frame with their 
plane surfaces vertical The frame is supported by quartz knife- 
edges rostmg on a quaitz plane, like a balance The magnets may be 
balanced m the horizontal position by means of an adjustable counter- 
poise A mirror is attached to the magnet frame, face up, and de- 
partures of the magnets from the horizontal position are read by 
means of a scale and a telescope pomtmg downward, attached to the 
magnet house, vertically above the mirror The magnet house is 
especially designed to protect the magnets against rapid changes of 
temperature and theimometers are provided for dete rminin g the 
temperature mside the house Schmidt has also designed a horizontal 
intensity field magnetometer of the same general type, the magnet 
system being vertical mstead of horizontal 

In the universal variometer of H Haalck, provision is made for 
measuring local variations in all three of the magnetic elements — 
decimation, horizontal intensity, and vertical intensity There is a 
small theodolite for determining the true meridian The magnet 
system is composed of both vertical and horizontal magnets A 
removable arm projecting from the magnet house at an angle of 45° 
above the horizon supports a case m which are two bar magnets 
The axis of this deflector system passes through the center of the sus- 
pended magnet system Provision is made for reversing the case 
containing the deflectors and for varying their distance from the sus- 
pended system These deflectors are used only for horizontal intensity 
measures 

All of these instruments are well adapted for rapid work and with 
suitable control observations will give resul ts of great accuracy Where 
several instruments are being used in the same area, they should be 
compared m the field by means of simultaneous observations covering 
a considerable range of temperature and intensity, for example, by 
settmg them up at stations near each other and observing at frequent 
intervals throughout the day Another means of control is to repeat 
observations at the starting station several times during the day. 
This also furnishes a partial control on the diurnal variation Where 
great accuracy is essential, however, the diurnal variation must be 
determined by continuous observations with one instrument at a base 
station near the area under investigation while observations are bemg 
made over the area with other instruments If there is a magnetic 
observatory within a reasonable distance of the field of operation, 
its records will give an idea of the character of the diurnal variation 
and will indicate those periods when the presence of severe magnetic 
disturbances is likely to render the field observations unreliable. 


DIRECTIONS FOR OBSERVATIONS AT SEA 

INTRODUCTION 

The instiuments and methods employed for determining the 
magnetic elements on land are not, m general, adapted foi observa- 
tions on board ship On account of the instability of the ship as an 
observing platform, the instruments used must be mounted m gimbals 
m ordei that they may remain approximately level in spite of the 
motion of the ship The magnetic decimation may be determined 
by means of the standard compass and an azimuth cncle, and the 
dip and total intensity by means of a Lloyd-Cieak dip circle, in which 
the needle is supported m agate cups mstead of on knife-edges 
Various instruments especially adapted to observations at sea have 
been designed by the depaitment of tenestnal magnetism of the 
Carnegie Institution of Washington, including an earth inductor, 
and these are described m connection with the pubhcation of the 
lesults of obseivations on the Galilee and Carnegie 

On account of the distuibmg effect of the lion and steel which 
entei so laigely mto the construction of modem ships, the direct 
lesults of magnetic observations on shipboard aie different for dif- 
ferent headmgs of the ship, smce they lepresent the combined effect 
of the earth’s magnetism and the ship’s magnetism If the ship’s 
magnetism is not too strong, the resultant can be separated mto its 
component paits by makmg observations on 8, 16, or 24 equidistant 
headmgs while steaming in a circle (swmgmg slnp), first m one direc- 
tion and then m the othei With the dip cncle a complete determina- 
tion of dip and total mtensity on each headmg would lequire too 
much time, but by observing deflections alone while swmgmg ship 
m one duection and loaded dip alone while swmgmg m the opposite 
dnection, values of dip and total mtensity foi each headmg may be 
obtained 

The efleet of the ship’s magnetism on the compass may be nearly 
compensated by suitably placed small magnets and spheres of soft 
lion, so that decimation obseivations may be made even on iron and 
steel vessels It is not feasible, however, to provide compensation 
for the ship’s magnetism m determining dip and mtensity, and 
observations of these elements are made only on vessels which are 
comparatively fiee fiom magnetic matenals This was possible on 
some of the cailici vessels of the Coast and Geodetic Survey, but 
these have now been leplaced by uon oi steel ships and the magnetic 
obseivations of the bureau at sea aie now confined to occasional 
determinations of decimation The woik at sea of the department 
of terrestrial magnetism of the Carnegie Institution of Washington 
was done from 1905 to 1908 on a wooden sailing vessel, the Galilee , 
and since 1909 on a specially constiucted nonmagnetic sailing vessel 
with auxiliary powei, the Carnegie On this vessel the ship’s mag- 
netism is so small that an occasional ship swing is sufficient to control 

the deviations „ 

The determination of the magnetic elements at sea requires, nrst, 
lhat the mstiuments be standaidized at a base station on shore and, 
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second, that tlie ship b© swung from tune to time at places near 
shore, where the values of the magnetic elements are Known with 
reasonable accuracy from shore observations, in order to determine 
the effect of the ship’s magnetism for the various headings These 
swings should be made at the beginning and end of a cruise and also, 
if possible, in the highest and lowest latitudes reached 

The directions given here will be confined to the determination of 
the decimation and the compass deviations required m navigation 
and hydrographic work For the general theory of the analysis of a 
ship’s magnetism the reader is lef erred to the vanous publications of 
the hydrographic offices of different nations Special Publication 
No 96 of this bureau, by N H Heck and W E Parker, gives instruc- 
tions for the compensation of a ship’s compass 

DECLINATION ON BOARD SHIP 

The amount by which the compass needle points east or west of 
true north is called the com/pass error , considered positive when east 
The am ount by which the compass needle pomts east or west of 
magnetic north is called the deviation , also considered positive when 
east As the angle between the true meridian and the magnetic 
meridian is the magnetic declination (variation of compass), it fol- 
lows that — 

Decimation =■= Compass error - Deviation 
or Deviation = Compass error — Decimation 

The compass erroi may be determined by observmg the compass 
bearing of the sun or of some terrestrial object of which the true beai- 
mg is known If these observations are made where the decimation 
is known, they give also the deviation The deviation is different for 
different headings of the ship, but it may be represented approxi- 
mately by an equation of the form 

Deviation = A -4- B sin £ + O cos £ -bZ) sin 2 f -bZ? cos 2£ 

m which £ is the magnetic heading of the ship, counted from noith 
around by east The second member of this equation may be divided 
mto three parts A , which is constant for all headings, ( B sin £4- 
C cos £ ), called the semicircular deviation, the values on two headings 
180° apart being equal but of opposite sign, (. D sm 2 £ + S cos 2£), 
called the quadrantal deviation, the values on two headings 90° apart 
bei ng equal hut of opposite sign In theory, the determination of 
theaeviations on any five headings will give five equations from which 
to compute the five coefficients A , B, (7, D , E In practice, however, 
it is found that satisfactory results can not be obtained unless ob- 
servations are made on a greater number of headings properly dis- 
tributed 

From the form of the equation it is evident that when observations 
are made on a number of equidistant headings which is a multiple of 
4, the mean of the deviations will be A, the constant part of the 
deviation, and the computation of the other coefficients will be much 
simplified For observations made m this way near shore, where 
the decimation is known, 
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Mean compass error — Decimation =A 

and for o^^^^^ations at sea when A is known 

Mean compass error — A = Decimation 

From it will be seen that when observations are made on a 

multiple c^i£>ur equidistant headmgs it is not necessary to compute 
the coefii^ ^ts B ) C, D, E m order to determine the decimation, 
but since deviations on all headmgs are required for purposes of 

navigatiOjV'*^ ^nd as observations of decimation are sometimes made 
without ship, it ls important to determme these coefficients 

m order ^ the deviation on any desired headmg may be computed 
It should “borne m mind that B , <7, Z), and E may be expected to 

change time an< ^ ^th change m vertical mtensity corresponding 

to a chatty ** the latitude of the ship’s position, so that they should 
be redete^^Jjaed at suitable intervals 

With thilr older type of compass, divided to pomts and fractions of 
pomts, it * * customary to make observations on 8 or 16 eqmdistant 

headmgs ^Vith modem compasses graduated to degrees it is more 
convenient *t>o use 12 or 24 headmgs In the case of observations on 
16 headline, there will be 16 observation equations from which to 
compute tjxo 5 coefficients by the method of least squares In the 
formation of the normal equations the observation equations may 
be combixx 0< i in such a way as to eliminate the constant term A and 
to leave only a sin gle unknown m each normal equation, as shown 
m the sarctol^ computation given later on As the decimation is not 
known at and the final value of A is usually not determmed until 

the end of the seasons’ work, it is more convenient to make the least 
square analysis of that part of the deviation which does not mvolve A 
Smce 

Compass eiror~ Decimation = Deviation 


and Mean compass eiror— Decimation = A 

Compass erroi— Mean compass eiror = Deviation— A 

For want of a better term this pait of the deviation has been called 
“stai deviation” and designated by an asterisk after the word, 
deviation 


Deviation sfs = Deviation— A = B sm f+C cos f + D sin 2 c+E cos 2f 

The compass eiroi is usually determmed m one of thiee ways 
(1) By observations of the sun, (2) by recipiocal beanngs with a 
shoie station, (3) by obseivmg on a range of which the tiue bearing 

is known - _ _ _ , 

(1) Th-^>_ compass beanng of the sun is obseived by means of an 
azimuth cirole, and the true beanng is computed from the latitude 
of the plnoe and the local mean time of observation This requnes, 
in additn^* 1 to the latitude, a knowledge of the longitude and the cor- 
rection of the chionometer on standard time The computation is 
very mti^^ simplified by the use of United States Hydrographic 
Publicati 01 * No 71, or smulai azimuth tables 
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(2) For observations near shore it is sometimes moie convenient to 
make use of the method of reciprocal bearings An obsoi ver on shore 
measures the angle between the ship’s binnacle and a ref ei once mark 
at the same moment that the obseiver on the ship measmcs the com- 
pass bearing of the shore station If the tiuo bcaimg oi the leicience 
mark from the shore station is known, the true bcaimg ol the shore 
station from the ship at the time ol the compass obsetvation may be 
eonmuted An older foim of this method, and one which may be 
used when azimuth observations aie impossible, is to mount a com- 
pass on shore and obseive the compass beanng ol the ship, the dif- 
ference of the recipiocal beaimgs bemg the deviation foi that particu- 
^ ar k^dmg, provided the shore station is free ol local distui banco 
and the compass free of index error 

(3) In some harbois the tine beaimgs ol well-defined iange lines 
have been computed foi the convenience of na\igators, and the com- 
pass error may be determined by obseivmg the compass homing of 
one of these ranges 

The forms of record and computation arc shown m the following 
example In this case the compass beaimg of the sun was obseived 
on 16 equidistant headings while swinging first with light niddci and 
then with left rudder, but only the light rudder observations are 
reproduced 


Form 364 

Observation of Compass Deviations 


Steamer, Bache 
Date, July 10, 1009 
Weather, clear Sea, choppy 
Ship swung with right rudder 


Wind, SSW 


Standard compass No 10107 
Obser\or, W C Hodgkins 


Ship's head 
by standard 
compass 

Time bv 
hack watch 
No 141 

Sun’s bearing 
by standard 
compass 

Hem irks 

o 

247H 

226 

202M 

180 

157H 

136 

112H 

90 

67% 

45 

22^ 

0 

337J^ 

315 

292^ 

270 

h m 8 

6 49 40 

62 50 

55 50 

68 10 

69 50 

6 02 05 

05 42 

07 30 

10 10 

12 30 

15 10 

17 00 

19 40 

22 20 

24 05 

25 10 

o / 

N 70 SOW 

70 30 

70 00 

70 00 

70 05 

69 10 

67 30 

66 05 

65 00 

64 25 

64 20 

66 00 

67 00 

67 30 

67 35 

67 05 

O f 

Latitude 18 20 

Longitude 70 22 1 

Chronometer comparison 

Hack reads 

Chron 3012 

Chron corr’n 

GMT 

E 

GAT 

Longitude 

Local A T 

Hack reads 

Hack correction on local 
apparent time 

h in i 

5 10 10 

10 OS 00 
+ M 

10 08 54 

- 5 05 

10 01 49 

5 05 29 

4 58 20 

5 10 10 

- 11 59 
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Form 355 

Computation op Compass Deviations 


Steamei, Bachc 

Lat 38° 20' N , long 76° 22' 3 

Ship swung with light luddei 


Date, Tul-v 10, 1909 
Sun's deelm ition, 22° 14' N 


Ship s 
he id 

Loc il 
ipp irenl 
tune 

Sun’s 
beaung by- 
comp iss 

Sun’s 
azimuth 
from tables 

Frror of 
st md ird 
comp iss 

Dg\ lation 4 

0 

b m s 

0 / 

0 / 

0 / 

O / 

0 

6 05 02 

N 00 00 ^ 

N 71 31 \\ 

5 31 \\ 

0 32 W 1 

224 

0 03 12 

01 20 

71 40 

7 26 

2 27 W 

45 

t > 00 12 

01 25 

72 09 

7 44 

2 4o \\ 

074 

5 58 12 

65 00 

72 28 

7 28 

2 29 \\ 

90 

55 12 

r><> 05 

72 51 

6 40 

1 47 W 

1124 

53 11 

67 30 

73 00 

5 30 

0 37 \\ 

115 

50 07 

00 10 

73 30 

1 26 

0 33 F 

1574 

47 52 

70 0) 

73 55 

3 50 

1 09 I 

180 

16 1* 

70 GO 

71 09 

1 09 

0 50 * 

2024 

13 52 

70 00 

71 28 

4 2K 

0 31 F 

225 

40 52 

70 30 

71 51 

4 24 

0 35 E 

2174 

37 42 

70 50 

75 20 

1 30 

0 29 F 

270 

6 it n 

07 05 

70 13 

3 OS 

1 51 E 

2924 

12 07 

07 35 

70 31 

2 56 

2 03 E 

j15 

10 22 

67 30 

70 16 

3 16 

1 43 F 

U7h 

07 4 

07 00 

71 OK 

1 OS 

0 51 F 

Me ins 

5 50 42 

07 12 

72 11 

4 59 W 



NT ignetic dec lm it ion from 

diore obseivations, 5° 25' W 



Form 356 


Steamer, Bache 


Analysis ox Compass Deviations 4 


Date, July 10, 1909 


Ship’s 

heid 

Deviation + 

CD 

Me in 

Ship’s 
he id 

Deiution * 

(2) 

Me in 


(3) 

(D+(2) 

I*ft 

rudder 

Right 

rudder 

Left 

rudder 

Right 

rudder 

0 

224 

45 

074 

<10 

1124 

J35 

1574 

- 5 3 

- 112 

- IIS 

- J05 

- 79 

- 17 
+ l r > 

+ 58 

v - t-t~ - <J) 

111111++ 

- 12 

- Ill 

- 156 

- 127 

- 91 

- 27 

+ >9 

+ 01 

O 

iso 

202 1 „ 
225 

2474 

270 

292 1 j 

315 

3374 

+ '9 
- 11 
- 17 
+ 05 
+ 100 
+ 90 
+ 114 
+ 55 

/ 

+ 50 
+ 31 

4 * 35 

+ 29 
+ HI 
-f 123 
+ 103 
+ 51 

+ 44 
+ 8 
+ 9 

+ 47 
+ 108 
+ 110 
+ 108 
+ w 

a 

6 

c 

d 

( 

J 

l 

/ 

+ 2 

- 136 

- 147 

- 80 
+ 15 
+ 83 
+ 1*7 
+ 117 


Coniput i 

tion of B md C 

Comput ition of D and L 

(1) 

0)-(2) 

CO 

ox to 

00 

- 58 

- 11/ 

- 161 
- 201 

- 127 

- 19 
+ 

(0) 

(4)X(0) 

- 80 
- 110 

- 117 

- 67 

OO 

+ 52 
+ 19 

- 10 

(7) 

Fiom (j) 

(8) 

(7)X(8) 

(9) 

(7) X (9) 

+ i 1 1 1 1 m 

000 

38 3 
707 
924 

1 000 
924 
707 
383 

813 

B 

1 000 
921 
707 
383 
000 
~ 3S3 

- 707 

- 921 

8 r 

C 

(i—e 

- 13 
b~t 

- 219 
(-0 

- 294 
d-h 

- 197 

000 

707 

1 000 

707 

00 

- 155 

- 294 

- 139 

1 000 

707 

000 

- 707 

SL 

1 

- 13 

- 155 

00 

+ 139 

- 709 

- 89 

- 310 

- 10 

8D 

D 

- 588 

- 71 

- 29 

- 4 
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Comparison of Observed and Computed Deviations* 
Deviation Deviation- A «B sin r+Ccos i*+D sin 2 f+Ecos 2 f 


t* is the compass azimuth of the ship’s heading, counting from north around by east, south, and west 
to 860° 



Probable error of single obs erva tion, r=±8' _ 

For 24 points, r=*d=0 151 For 1G points, r-dbO 195 V2c 2 


For 8 points, r=±0 337 Vso* 


Before and after the sun observations the observing timepiece was 
compared with the standard chronometer and its correction on local 
apparent time computed as shown The mean of the two compari- 
sons gave the correction -11“ 58 s , and this was applied to the 
recorded times of observation to get the local apparent times of 
observation given m the second column of the form for “Computation 
of Compass Deviations ” , , 

Hydrographic Office Publication No 71 gives the sun s azimuth 
atf 10 -minute intervals between sunnse and sunset for each degree of 
latitude from 61° N to 61° S and for each degree of declination of 
the sun As three interpolations are in general required to get a 
desired azimuth, it expedites the computation of a senes of observa- 
tions to prepare from the azimuth tables an auxiliary table with 
which only a single interpolation will be necessary In the example 
given the observations extended from 5 h 37 m to 6 h 47 m p na , and 
the follow in g table was prepaied to cover that period for latitude 
38° 20' N and sun's decimation 22° 14' N 


Azimuth of the Sun on July 10, 1909 


Decimation 

Latitude 

22° N 

38° N 

22° 14' N 

38° N 

22° 14' N 

39° N 

22° 14' N 

38° 20' 

Change 
per mm 

h m 

5 30 

o / 

N 76 30W 

0 / 

N 76 18W 

o / 

N 76 38W 

O t 

N 76 25W 

r 

40 

75 07 

74 55 

75 13 

75 01 

8 4 

50 

73 44 

73 32 

73 48 

73 37 

8 4 

6 00 

72 20 

72 08 

72 23 

72 13 

8.4 

10 

70 56 

70 45 

70 57 

70 49 

8 4 

20 

69 31 

69 20 

69 30 

69 23 

8 6 

30 

68 06 

67 55 

68 02 

67 57 

8 6 

40 

66 39 

66 28 

66 34 

66 30 

8 7 

50 

65 11 

65 00 

65 04 

65 01 

8 9 
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A column has been added containing the values for latitude 38° 
N and decimation 22° N taken directly from the azimuth tables 
A comparison of these values with the coirespondmg ones in column 5 
shows diflerences changing giadually from 5' at the beginning to 
10' at the end From this it will be seen that the desned azimuths 
may be obtained without the aid of an auxiliaiy table if the coi- 
rections to the table for the neaiest even degice oi latitude and 
decimation be computed foi the beginning and end of the senes of 
observations As it is the usual practice to combme swmgs with left 
and light ruddeis, it will be sufficiently accuiate foi piactical pui- 
poses to determine the correction foi the middle of each swing and 
assume that it is constant throughout the swing 

The difference between the observed compass bearmg of the sun 
and its computed true bearmg is the enoi of the compass for that 
headmg By subtracting the mean compass enoi from the error 
for each headmg the correspondmg deviations 1 (star deviations) are 
found, provided observations have been made on each of 8 oi 16 
equidistant headings It sometimes happens that the observation 
on one headmg is pi evented by the mast or funnel coming m line 
with the sun In such case the missing compass enoi must be sup- 
plied by intei polation befoie taking the mean This can usually be 
done with sufficient accuiacy by comparison with the swing in the 
opposite direction If the obseivations on seveial headmgs have 
been prevented by clouds, gxaphical interpolation should be lesoited 
to, plottmg the observed compass eriors and drawing a smooth cuive 
to represent them 

The analysis of the compass deviations 4, icquiies little explana- 
tion, as the order of computation is indicated by the headings ol the 
form Foi two headmgs f and (180° + f) the obseivation equations 
would be 

Deviation * ($“) —B sm f + 0 cos f + D sm 2 f + E cos 2f 

and 

Deviation * (180° + f ) = — B sm f — C cos f + D sm 2f + E cos 2f 
Hence 

Deviation 4 (s')— Deviation 4 (180° + f) = A 1 = 2S sm c + 2C coss* 

and 

Deviation 4 (s') + Deviation '‘(ISO 0 + f) = A^ — 2D sm 2{ + 2E cos 2f 

It will be seen that the quantities on the same line m columns 
headed (1) and (2) aie m each case the deviations 1, foi two headings 
180° apait, and hence the quantities m column (3) involve only the 
factois 1) and E (quadiantal deviation) and those in column (4) 
involve only B and C (semicuculai deviation) 

From obseivation equations of the loim 

Ai = 2 B sm f + 2 0 cos c 

the values of B and C aie obtained by the method ol least squares 
fiom the noimal equations 

2Ai sm $* = 2 B 2 sm 2 s +2 G 2 sm f cos f 

SAi cos c ■= 2 B 2 sm f cos f + 2 C 2 cos 2 f 
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The values of sm f and cos f for angles corresponding to the equi- 
distant headings 0°, 22}£°, 157H , are given in columns (5) and 

(6) It will be seen that 2 sm 2 f =4, 2 sm f cos f = 0 and 2 cos 2 f =4 
Hence for the case of observations on 16 equidistant headings the 
normal equations become 

2 Ai sm f = 8 B 2Ai cos f = 8 C 

and the computation is made m the simple manner indicated on the 
form For observations on 8 equidistant headmgs only the values 
of sm f and cos f given on the first, third, fifth, and seventh lmes will 
be mvolved and the noimal equations will be 

2Ai sm f = 4 B 2Ai cos f = 4 C 

In the publication of the various hydrographic offices ti eating of 
the compass and its deviations, tables are given to facilitate the com- 
putation of Ai sm f and Aj cos f, where the deviations aie expressed 
in degrees and minutes For the small deviations mvolved m obser- 
vations on the ships of the Coast and Geodetic Survey it will be 
found convenient to convert the deviations* to minutes and use 
Table 12 given at the end of this publication 

It has been shown above that the sum of the observation equations 
foi two headings 180° apart would be 

A a = 2 D sm 2f 4-2 E cos 2f 

For the two headmgs 90° from the first two the quantities m the 
second member would be the same, but the signs would be changed 
The difference of the two equations would give 

A 3 = 4 D sm 2£ + 4 E cos 2f 

The values of A 3 are given m the column headed (7), ob tamed from 
column (3) m the manner indicated The corresponding normal 
equations are 

2A 3 sin 2f = 8 D and 2A 3 cos 2f = 8 E 

for observations on 16 headmgs, 

and 2A 3 sin2f = 4Z> and 2A 3 cos 2f = 4 i? 

for observations on 8 headmgs The quantities m columns (8) and 
(9) are the sines and cosines of 0°, 45°, 90°, and 135°, lespectively 
The analysis of the observations m the example gives 

Deviation* = — 89' sm f— 40' cos £— 74' sm 2f — 4' cos 2f 

from which the deviation* on any headmg, f, can be computod As 
a test of the accuracy of the observations a comparison should be 
made between the deviations* derived fiom the obseivations and 
those computed from the formula For obsoivations on 16 headings 
the probable error of a single obseivation (mean of swings) is given 
by the formula 

r = 0 6745^j|~£ = 0 195 
Where observations are made on only 8 headmgs, 

r=0 6745.y/-^-=0 337 ^ 

In the example r = ± 8' For observations undei favorable condi- 
tions that represents about an average value 
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Foi observations on 24 headings the coefficients of B, C, D, and E 
in the noimal equations will be 12 and the probable enor of a single 
observation will be 

/ = 0 6745^/^4 = 0 1517 ^ 

Foi navigational purposes the complete deviations are requned 
They may be obtained by addmg the constant part of the deviation, 
A , to the deviation Y As alieady pomted out, A is deteimmed fiom 
swings neai shoic where the decimation is known at least approxi- 
mately As the decimation where the ship is swung is m geneial 
not exactly the same as at the pomt on shore where observations aie 
made, it is desnable to combme the results obtained at a number 
of places to get a mean value of A While this constant part of the 
compass deviation is no doubt partly due to unsymmetncal distri- 
bution of the ship magnetism with lespect to the compass, the greater 
part is to be ascubed to impel fections m the compass and the azimuth 
cncle, corresponding to an mdex enoi 

Smce the deviation is the lesultant effect ol the foices exeited on 
the compass needle by the ship's magnetism and the earth's mag- 
netism, it follows that any change m the latio of those two forces 
wull pioduce a change in the deviation The quadiantal deviation 
is due to the magnetism induced m honzontal soft iron and therefoie 
varies dnectly as II varies, and for a paiticular heading the latio ot 
the two does not change when the ship goes fiom place to place 
Hence the coefficients D and E should be constant 

The semiciiGulai deviation is due partly to the subpeimanent mag- 
netism of the ship and paitly to induced magnetism m vertical soft 
non The foimei is constant, oi nearly so, and theiefore produces an 
eflect on the compass needle which is inversely propoitional to H 
The induced magnetism m vei tical soft iron is pi opoitional to the vei- 
tical loice (Z = /i tan /), and its eflect on the compass needle is theie- 
foie pi opoitional to tan I As II decieases and I mcreases m going 
fiom the magnetic equatoi to the magnetic poles, it follows that m the 
noithem hemispheie B and C should become gi eater as the ship goes 
laithei noith and vice veisa 

In the case ol a compass which has been compensated by the use 
of peimanent magnets oi othei means these additional factors enter 
into the lesidual compass deviations, and the effect of change of mag- 
netic latitude upon the deviation coefficients is moie complicated 

SPECIAL DIRECTIONS 

In oidei to obtain the best results fiom obseivations on shipboaid 
especial attention should be paid to the lollowmg pomts 

1 Have the s hip as nearly as possible m the same condition as regards 
location of boats, anchors, chains, etc ,for the swings near shore as for 
those at sea 

2 Make the compass observations when the sun is not more than SO 
high, if possible Steady the ship on a heading for a minute or two 
before reading the sun’s bearing In handling the azimuth circle, be 
careful to have the compass bowl swing free at the moment of observation 

8 When there is much motion to the ship , select a moment for taking 
a reading when she is nearly on an even keel , 

88183°— -30 8 
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As a separate manual is being prepared by H E McComb giving 
detailed directions for the opeiation of a magnetic and scismological 
observatory, only general information on the subject will be given here 

LOCATION 

A magnetic obseivatoiy should be so placed as to bo well removed 
from local disturbances either natural 01 artificial A site should 
be adopted only after a detailed magnetic survey of the immediate 
surrounding region has shown a fairly umfoim distubution of magnet- 
ism At present the work of the observatones all ovei the globe 
is directed towaid the determination of the vanations ol tho earth's 
magnetism under similar conditions One of tho pioblems ol the 
future will be the comparison of changes under abnormal conditions, 
such as obtain m an area of marked local disturbance, with those in 
an undisturbed region Electric railways are the most frequent 
source of artificial disturbance and the effects of stiay currents lrom 
them may be appreciable at a distance of moie than 10 miles 
Possible future mdustnal development should therefoie be given 
particular consideration when selecting a site 

BUILDINGS 

For the operation of a magnetic observatory thero are roquned a 
variation building m which the variation mstiuments are mounted, 
and an absolute building m which the absolute obseivations aic made. 
In their construction scrupulous care must be exercised to exclude 
all material that might possibly affect the magnets and m then 
subsequent use the same care must be exercised Ai tides of magnetic 
material should be carried mto the buildings only when absolutely 
necessary and m such cases should be removed as soon as possible. 
No person should be permitted to enter the variation building until 
he has divested himself of all such articles as knives, keys, watch, etc. 
The sole of a shoe or the bnm of a hat often contains a piece of steel 
sufficient to disturb the sensitive variation instruments Such other 
buildings as may be needed can usually be placed far enough away to 
have no effect on the magnets The variation building is designed 
with a view to reduce to a small limit the range of tempeiature inside. 
Those of the Coast and Geodetic Survey are all above giound and 
built of wood, the amount of insulation varying with the outside 
range of temperature to be oveicome The si re of the building is 
dependent somewhat upon the typo of mstrument used, smee the 
variometers must be so placed that the movement of the magnet 
of one will not have an appreciable effect on the others 

VARIATION INSTRUMENTS 

The vanations in decimation, honzontal intensity, and vertical 
intensity are recorded photogiaphically by means of a magneto- 

f raph, consisting of a recording apparatus and three variometers, 
iight from a lamp is reflected from a mirror attached to the magnet 
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FIGURE 13— MAGNETOGRAPH AT TUCSON OBSERVATORY 
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of a variometer and traces an irregular lme (carve) on a sheet of 
photographic paper (magnetogram) wrapped around a revolving 
drum of the recording apparatus The reflection from a fixed minoi 
traces a straight lme (base lme) on the magnetogram, and the variation 
m the distance between the curve and the base line (ordmate) is a 
measure of the vaiiation m the duection of the suspended magnet 
produced by the vaiiation m the eaith’s magnetism 

The D vanometei is mounted with its magnet m the magnetic 
meridian and the duection of the magnet changes as the magnetic 
declination changes In the H variometer the magnet is suspended 
m the magnetic prime veitical and a change in its direction corre- 
sponds to a change m the honzontal mtensity In the Z variometer 
the magnet lotates about a horizontal axis, like a dip needle, but is 
adjusted to he approximately m the honzontal plane, so that a change 
m its inclination to the horizon corresponds to a change m the vertical 
intensity 

Each of the five observatories of the Coast and Geodetic Survey is 
equipped with a magnetogiaph of the Eschenhagen type (fig 13), m 
which very small magnets aie used, so that it is possible to have the 
vanometei s quite near to each othei without appreciable interaction 
They are mounted m a row, magnetically east and west, as shown m 


Magnetic Prime Vertical 


Figure 14 — Relative position of variometers 

Figure 14, and all three record on the same magnetogram, the up and 
down motion of the Z magnet bemg converted to horizontal motion 
on the magnetogiam by means of a pi ism There is also a thermo- 
gi aph attached to the veitical mtensity variometer, which records 
photographically the vanations of temperatuie 

In the D variometer the magnet is supported by a very fine quartz 
filament, free fiom twist The sensitivity depends upon the distance 
between the magnet and the recoidmg drum In the H vanometei 
the magnet is held in its position m the magnetic prime vertical mainly 
by the toision of the supporting quaitz filament Its sensitivity 
depends pnmarily upon the size of the filament, but it may be con- 
ti oiled by an auxiliaiy magnet suitably placed It may be com- 
pensated fot tonipoiatme by means of an auxiliary magnet so placed 
that the honzontal mtensity of the iesultant field at the centei of the 
suspended magnet is one-half the honzontal mtensity of the earth’s 
held at that point 

In the Z vanometei there are two lamellar magnets, in the shape 
of a long tiuncated ihombus, about 10 cm long and 0 5 mm thick, 
supported by a light fiamc with their plane sui faces vertical and about 
2 3 cm apart To this frame aie attached two conical steel points 
which rest on agate plane sui faces The honzontahty of the magnet 
system is secured paitly by adjustable weights and partly by a vertical 
contiol magnet mounted below the base of the instiument This 
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magnet also serves to control the temperature coefficient of the vari- 
ometer The stability and sensitivity aie regulated by a weight 
threaded on a vertical rod, by means of which the center of gravity 
of the magnet system may be raised or lowered 

The drum of the lecordmg appaiatus is usually made to revolve 
once in 25 hours, a space of about 2 cm being passed over m an hour 
Time marks are made at houily intervals by a suitable device 

At the Cheltenham observatory there is also in opeiation a mag- 
netogiaph ol tho Adie type in which i octangular bar magnets several 
inches long are used In tho D variometer (umfilar) the magnet is 
suspended by a bundle of silk fibers In the H vanometci (bifilar) 
the magnet is suspended by a bundle of silk fibers which passes undei 
the wheel of a pulley attached to the magnet The sensitivity is 
legulated by the distance between the two ends of tho bundle wheio 
they aie attached to tho pomt of support The Z magnet (balance) 
is suppoitcd on an agate knife-edge instead of steel pivots The 
io( ot ding appaiatus has throe drums, one fox each variometoi, the 
one lor tho Z vanometor having a vertical axis Theie is a telescope 
and scale ior each vanometer so that eye readings can be made at 
any time Time marks are made near the beginning and end of each 
day’s record A suitable device makes it possible to secuie two oi 
moie days’ lccord on ono magnetogram 

CONVERSION TO ABSOLUTE VALUES 

in oi del to determine the absolute value of D, II, oi Z at any 
moment liom the continuous photographic record of the vanometer 
it is nocossaiy to know (1) Tho base-line value, that is, the absolute 
value when the cuivo and base lme coincide, (2) the scale value, oi 
value ol 1 mm ol oi dinate expressed in absolute units (minutes for D, 
gammas oi units of the filth decimal in the C G S system for II 
and Z), (3) in the case of II and Z, the tempciatuie coefficient, or the 
effect upon the oidmalo of a change of 1° in tempeiatuic 

In tho II vanometor the position of the magnet is the resultant 
effect of the force of toision, the force acting between the suspended 
magnet and the contril magnets, and the ioice excited upon the 
suspended magnet by tho horizontal component ot tho caith’s field 
A change in the magnetic- moment ol the suspended magnet due to 
change o 1 tempciatuie will change the magnetic foice acting and hence 
change tho position of equilibrium, mospcctive of any change in II 
Similar conditions exist m the Z variometoi and in addition the 
moment of the balancing woight changes with temperatuie on account 
of chango m tho length of the supporting rod 

Lot a, h, z -- the oidmatos in lnillimeteis at the temperatuie t, 
increasing oichnate coriesponding to inciensing D, II, and Z, 
e, h in, «- scale, values of D, II, and Z, respectively, 

B d , B h , B. - base-line values foi D, If, and Z (m tho case of II and 
Z, ieduced to a standaid tcmpeiatuie t u ), 

Qn and (] z — tempciatuie coefficients of tho II and Z variometers, 
Then 

l) Ii„Ydi d 

Il-Bn + h «A + !7»(f~ to) 

Z=B t + z ig+q^it-to) 
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BASE-LINE VALUES 

Foi the determination of the base-line values absolute observations 
are made at least once a week From an inspection of the above for- 
mulas it will be seen that if the ordinates d, h, z be read foi the times 
at which absolute obseivations have been made, the base-lme values 
may be computed, piovided the scale values and temperature coeffi- 
cients are known The absolute value of vertical intensity must be 
computed, however, from the obseived values of H and I It is, m 
general, not feasible to make simultaneous observations of H and /, 
but the value of H at the time of the dip observations may be detei- 
mmed from the refold of the vanometei aftei the H base-lme value 
has been computed 

The absolute observations aie made m the manner already ex- 
plained, but greater care must be exercised in the operations and a 
greatei degiee of accuiacy is to be expected than is the case m work 
in the field Absolute accurac v is impossible, however, and the base- 
lme values resulting from a senes of observations will show more or 
less variation, whcieas they should be constant piovided there has 
been no change m the adjustment of the vanometers It has been 
found in some cases that even when theie has been no read-justment 
ol the vanometei the base-lme values show a piogiessive change 
This may be due partly to giadual change of the relative positions of 
suspension fiber and stirrup, partly to the fact that the magnets suffer 
gradual loss of magnetism with age, and, m the case of H and Z where 
the range of tempeiatuie has been large, partly to error m the adopted 
value oi tempeiatuie coefficient It is possible also that the torsion 
of the quartz fibers may change somewhat with age Hence m detei- 
mming what base-lme values to adopt it is necessary to ad]ust the 
observed values, having due legard to this progressive change For 
any paiticular set of instruments it must be found out by expenence 
how closelv the adopted values should correspond to those lesulting 
liom obsoivation 

SCALE VALUES 

Fiom the formulas on page 110 it would appeal that the scale value 
ol a vanometer might be dctei mined by making absolute observations 
at difierent times and compaimg the change m the observed values 
with the corresponding change m oidmate In practice, however, the 
uncertainty m the absolute obseivations is usually too great to secure 
satisfactory lesults m this way 

The scale value ol the D vanometei depends directly upon the dis- 
tance between the lens m the front of the magnet house and the papei 
on the drum For a scale value of 1' per mm this distance must be 
about 172 cm Tn the case of the H and Z vanometei s the scale 
values are deteimined by deflecting each of the three vanometer 
magnets with an auxiliaiy magnet and then companng the amount of 
deflection on D with the conespondmg deflections on H or Z These 
observations are usually made once a month 

TIME SCALE 

The lecordmg apparatus is piovided with suitable mechanism for 
making a short break m the base lines at mteivals of an hour The 
exact time of occurrence of the first and last breaks on each magneto- 
gram, as well as of one intei mediate one, is determined by listening 
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for the “c lick ” made by the mechanism when the shutters are raised 
or lowered and noting the times by chronometer The tunes of 
stopping and startmg the drum are also recorded In some cases 
the lamp is provided with a device by means of which the sht m front 
of the light source is widened for a few seconds each hour, producing 
a corresponding widening of the lines on the magnetogram 

OBSERVATORY RESULTS 

It is customary to derive hourly values of Z>, H, and Z from the 
magnetograms and the absolute observations, also the maximum and 
minimum values for each day and the times of their occurrence 
From these the mean value ana the range for each day are computed 
Standard time is used, counting the hours from midnight to midnight, 
0 to 24 In reading the ordinates the average value for each hour is 
recorded The interval from midnight to 1 o’clock is considered the 
first hour A special reading glass is provided to facilitate the esti- 
mation of the average ordinate for an hour, and with the aid of special 
scales for each variometer the ordinates are read directly in minutes 
or gammas as the case may be. 


EARTHQUAKES 

As a seismograph is often part of the equipment of a magnetic 
observatory, a bnef statement of the nature of earthquake waves and 
the means of recording them will not be out of place 

ORIGIN OF EARTHQUAKES 

It is now genei ally agreed that at least the great majority of earth- 
quakes aie caused by adjustment of stresses m the earth’s crust 
They occui foi the most pait m legions of geologic activity wheie 
the mountain foimmg forces are still at work Any transfer of mate- 
nal, as by erosion, fiom one place to another decreases the load on 
the crust at one place and increases it at the other Other forces 
aie no doubt at work causing uplift or subsidence Whatever the 
forces may be, theie is a gradual accumulation of stiess m the material 
constitutmg the earth’s ciust men at any point the elastic limit 
of the matonal, 01, it may be, the frictional resistance of a former 
fracture, is leached, a bieak occuis, one pait suddenly slips by an- 
other, and elastic vibrations aie set up, which are propagated m 
every dncction m the foim of waves The studies of isostasy indi- 
cate that such bicaks never occur at a greater distance below the 
surface than 60 miles and most of them probably occui at less than 
half that depth In the case of earthquakes of voleame origin, the 
break is veiy neai the surface The earthquake waves which are 
propagated to a gieat distance usually have a deep-seated origin 

The point on the eaith’s siuface immediately above the oiigm is 
called the epicenter and is the point wheie the earthquake is most 
severely felt and where the most damage is done While the break 
may extend foi a considei able distance, this distance is usually very 
small as compaied with the great distances to which the seismic 
waves are piopagated and it is only by numeious accuiate observa- 
tions m the immediate vicinity of the epicentci that an idea of its 
extent can be obtained, except m such cases as the San Francisco 
earthquake, wheie the break extended to the surface 

While tremendous forces are involved m the production of sti esses 
m the oarth’s ciust, a comparatively small addition may be sufficient 
to cause a fractuie when the elastic limit is near, and vibrations set 
up by an earthquake at one place may be all that is needed to cause 
a break at some other place It often happens that the stress is 
not completely relieved by the hist bieak and numerous minoi ad- 
justments follow at n regular intervals, causing what are called 
aftei shock 

CHARACTER OF EARTHQUAKE WAVES AND THEIR PROPAGATION 

Two kinds of elastic vibrations arc set up at the origin of an earth- 
quake — longitudinal and tiansversc The longitudinal vibiations 
consist of an alternate compression and dilation directed radially fiom 
the origin The transverse vibiations consist of an elastic defoi ma- 
tron dnected at right angles to lines radiating from the oiigm The 
intensity and late of propagation and the quickest path to any 
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point depend on the density and elasticity of the material of the 
earth through which the waves pass Just as light is refracted when 
it passes from one medium to another of different density, so the 
direction of the earthquake waves is modified as they pass from one 
layer of the earth to another having a different density and different 
coefficient of elasticity Also when the waves reach the surface of 
the earth they aie reflected, ]ust as light is reflected 

From many determinations of the time of propagation of waves 
from a distant earthquake it is concluded that the rate of propaga- 
tion is more rapid the greater the distance, up to a certain point 
The indications are that the elasticity of the layers of the earth 
increases with depth for about half the distance to the center and 
that at that point there is an abrupt change in the elastic properties 
of the constituent material 

In addition to the two kinds of waves already referred to there 
are set up at the epicenter surface waves, which are propagated 
along the surface at approximately a uniform rate in a similar man- 
ner to the waves in a hquid A variation m the density of the sur- 
face material will produce a corresponding vanation in velocity, and 
a discussio n of available data indicates that the velocity may be 
greater under the ocean than across the contments, as would be 
expected from the difference in density called for by the principles 
of isostasy 

The diff erent kinds of waves set up by an earthquake have differ- 
ent velocities, hence they reach a given point at different times, and 
the farther the pomt is from the origin the greater will be the time 
intervals between the time of arrival of the different kinds of waves 
The longitu din al waves have the greatest velocity and the records 
which they make on a seismogram are called the first preliminary 
tremors, designated by the letter P The transverse waves come 
next and give rise to the second pre lim inary tremors, S' They are 
followed by the surface waves called long waves, L, because of tbe 
longer period which usually characterizes them In addition to these 
fundamental phases there may be also various types of reflected 

waves PR u PR a , PP 3 , SR U SR 2 , PS, etc Moreover, it will 

be found usually that waves of one class do not die out before the 
arrival of the next class, so that the lecord of a distant earthquake 
is extremely complicated and the identification of the different classes 
of waves is by no means a simple task 

From a study of the records of a large number of earthquakes of 
known origin, tables have been prepared giving the times required 
by waves of the different classes to reach points at various distances 
from the origin, measured on the surface of the earth With tbe aid 
of these tables it is possible to determine the approximate distance 
of an observing station from the origin of the earthquake and the 
time of the break, when the times of arrival of two classes of waves 
are well determined, and m general the times of arrival of different 
classes of waves must harmonize with the fact that they all have 
the same origin 

The identification of different classes of waves on an earthquake 
record is facilitated to a ceitam extent by the fact that the penod 
of the waves is different for the different classes and for any one 
rWa 0 f waves the period mcreases with the distance from the origin 
An earthquake near enough to be sensible has waves of the order of 
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one second period and there is little to distinguish the different phases 
For gieatei distances up to about 1,000 Ion the period of the pre- 
liminary phases P and 8 usually does not exceed 3 s and of the long 
waves and succeeding portions, 10 s For still greater distances the 
piedommant penods are 4 S -9 S for P, 8 S -15 S for S } 20 s -40 s for L, with 
a gradual diminution of period to the end of the principal portion, C , 
follow ed by a nearly constant period to the end, F 

In the case of distant earthquakes there is also a variation m the 
amplitude of the different classes of waves The P and S waves 
are usually of very small amplitude, though m some cases the maxi- 
mum amplitude occuis at the beginning of S A few very long L 
waves ol small amplitude are followed by a marked mcrease of 
amplitude to the maximum, followed by a gradual dying out In 
veiy seveie eaithquakes there is often a secondary maximum when 
the suiface waves which have gone out fiom the epicenter in the 
opposite direction reach the station, and m some cases there is still 
another maximum caused by the surface waves winch pass com- 
pletely aiound the earth On the basis of an average velocity of 
230 km pel minute, tins phase should appear about three hours 
aftei the puncipal maximum 

MICROSEISMS 

In addition to the waves clearly of earthquake origin there are 
often found on seismograms other waves of short penod and small 
amplitude to winch the name microseisms or microseismic tremors 
has been given The period ol the w r aves is nearly constant, but the 
amplitude olten vanes systematically from nearly zero to a maximum 
coiiesponding to a motion of the ground of 0 1 mm oi less, the 
successive maxima occurring at regular mteivals of between one and 
two minutes 

Then ongm is not yet well established Attempts have been 
made to associate them wuth the action of waves on the shore and 
with the passage of an area ol low piessure across the edge of the 
continental shelf The penod of the waves and the frequency of 
then occunence appeal to depend, to some extent at least, on local 
conditions undeilymg the obseivmg station 

SEISMOGRAPH 

A seismogiaph consists essentially of thiee parts (1) A steady 
mass, so suppoited that it may remain at rest or nearly so when the 
gi ound moves undei the influence ol earthquake waves, (2) a record- 
ing apparatus on which the lelative motion of the ground and steady 
mass is lecouled, (3) suitable mechanism for magnifying the motion 
and tiansmittmg it to the recordmg appaiatus 

The steady mass is usually suspended m such a way as to have only 
one degree of ireedom, and thiee mstiuments arerequned to develop 
completely tho motion of the giound, one lecordmg noith-south 
motion, one east-west motion, and one vertical motion For record- 
ing veitu al motion the steady mass is supported by a spring of some 
kind Foi iccoiding motion in the horizontal plane the steady mass 
forms pai t of a pendulum, eithei vertical, horizontal, or inverted 
In the case of a horizontal pendulum (the usual form) the steady 
mass is attached to an aim, ncaily horizontal, of which the pointed 
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end abuts against a suitable bearing near the base of an upnght 
securely attached to a firm foundation The arm is kept m the 
horizontal position by wires leading from the steady mass to the top 
of the upright, where provision is made for adjustment The axis 
of rotation of the system is the lme joining the bearing point of the 
arm with the point at which the wnes are attached to the upright 
To secure stability the perpendicular from the latter must fall between 
the former and the steady mass 3 

To prevent a motion of the ground from being communicated to 
the steady mass through the upright, the bearings should be as free 
from friction as possible and the period of oscillation of the steady 
mass should be long as compared with the period of the earthquake 
waves Increasmg the weight of the steady mass and its distance 
fiom the axis of rotation or decreasing the angle which the axis of 
rotation makes with the vertical will increase the penod of tho 
pendulum, but this angle can not be decreased beyond a certain 
point without too great a loss of stability of the instrument and a 
long pendul um is inconvenient, so that the weight of the steady mass 
is tne factor which is most subject to variation m different mstiu- 

ments - 

To prevent a continued oscillation of the pendulum after it has 
been set m motion, some form of dampmg device is necessary Of 
the three kinds of dampmg m general use — air, liquid, and magnetic 
magnetic dampmg gives the most satisfactory results In tho case 
of mechanical registration with a not very heavy steady mass, tho 
pendulum is usually sufficiently damped by fnction 

Two methods of recording the motion of the ground with respect 
to the steady mass are m general use — mechanical and photogiaphic 
The recording apparatus is usually a drum driven by clockwoik at 
a unif orm rate, about which is wrapped a sheet of paper eithei 
smoked or sensitized photographically A worm geai pioduccs a 
slight m otion of the drum parallel to its axis and the lecord forms a 
spiral around the drum When there is an earthquake distuibance, 
the line has a smusoidal appearance, the amplitude and period of 
the waves depending on the strength and character of the disturbance 
The time scale should be open enough to permit waves of as small a 
period as one second to be distinguished 

For mechanical registration a stylus connected with the end of the 
pendul um by a suitable magnifying device is caused to move back 
and forth on the smoked paper by an oscillatory motion of tho ground 
This form of instrument requires a heavy steady mass, because of 
the fnction of the bearings and connections of the multiplying device 
and of the stylus upon the smoked paper In making adjustments 
care must be exercised to avoid, on the one hand, making tho con- 
nections too tight, thus mterfeimg with the fieedom of motion of 
the steady mass, and, on the other hand, making them too loose, 
so that there is lost motion 

A photographic record may be obtained either directly from a 
mirror attached to or connected with the pendulum or indirectly 
from a mirror attached to a galvanometer, which is affected by the 
change m the field of induction coils so attached to tho pendulum as 
to move back and forth between the poles of permanent magnets 
when the pendulum oscillates Here the magnification is practically 
independent of fnction, so that a very light steady mass can be used 
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Mention may be made o f a third form of photographic record m 
which a minor is attached to a quartz fiber and so mounted that the 
suiface of the minor and the quartz fiber, which constitutes a rota- 
tion axis, are both vertical A light horizontal arm attached to the 
back of the minor carnes a vane which is immeised m liquid m a 
small cup which is attached to the end of the pendulum By this 
device an earthquake motion is communicated to the mirror but a 
gradual drift is not 

The recordmg appaiatus must have a suitable device for marking 
the tune on the seismogram A separate clock is usually provided 
for this puipose In the case of mechanical registration, a pointer 
attached to the sounder of a lelay may be mounted so as to make a 
mark on the smoked paper, near the lme traced by the stylus, when 
the clock momentarily closes the circuit once a min ute, or the relay 
may be mounted so that the closmg of the circuit will cause a slight 
lateral motion of the stylus In the case of photographic registration 
a shutter is provided which cuts off the light at suitable intervals 
A time scale of 15 mm pci minute permits the reading of seconds 
without difficulty if the vanous mechamsms are m proper adjustment 
As the time of aruval of the diffeient classes of waves is the most im- 
portant feature of the locoid, especial stress must be laid on accuracy 
of the time Not only must the time be determined with accuracy at 
frequent mteivals, eithei by astronomical observations or by means of 
telegraphic or radio time signals, but the rate of the clock which 
actuates the time-maikmg device must be known fiom hour to hour 
as well as from day to day 

Because of the wide range of penod and amphtude m the waves of 
diffeient earthquakes, no one seismograph will give a satisfactory 
record of all A station of the fiist class should therefore be equipped 
with two types of seismograph There has yet to be devised an instru- 
ment which will record the laige motions of the ground which occur 
in the epicentral legion 

EARTHQUAKES RECORDED BY A MAGNETOGRAPH 

There occasionally appeals on a magnetogram a peculiai disturb- 
ance of one or moie of the cuives, quite different m charactei from 
the usual magnetic disturbance The distinctive feature is a blurring 
and broadening of the line, usually with a smgle maximum, but some- 
times with two 01 three It usually occurs at the same time that an 
earthquake is recoided by the seismogiaph, but in some cases theie 
is no corresponding rocoid on that mstiument 

It was thought at fust that this must be a special land of magnetic 
disturbance, as theie seemed to be no way in which a vibration of 
the giound could cause an oscillation of the magnet about a veitical 
axis Prof Hany Fielding Reid has shown mathematically, howevei, 
that both honzontal and veitical vibiations of the ground are capable 
of causing oscillations of lecordmg magnets, by reason of the fact 
that the centei of gravity of the suspended magnet does not comcide 
with the ccntei of suspension* 
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Table 1 — Correction for parallax and refraction , to be subtracted from observed 

altitude of the sun 
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Tabic 1 is computed foi normal baiometci of 29 9 inches, oi 700 
mm The lofiaction decreases as the atmospheric pressure decreases 
and theicloie decreases with increase of height above sea level ^Tho 
following table gives Jactois by which a value ol i el i action in Table 
1 must "be multiplied in older to obtain loughly the coi responding 
values loi baiometnc leadings othoi than 760 mm , oi loi a station 
above sea level 
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Table 5 — Latitude from circummerridian altitudes of the sun — Continued 
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Table 5 — Latitude from cir cummer idian altitudes of the sun — Continued 
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1 

07 

42 

44 

1 

33 

1 30 

1 27 

1 24 

1 21 

1 19 

1 10 

1 14 

1 12 

1 

09 

1 

07 

1 05 

1 

04 

41 

46 

1 

27 

1 24 

1 22 

1 19 

1 16 

1 14 

1 12 

1 10 

1 07 

1 

05 

1 

04 

1 02 

1 

00 

4l» 

48 

1 

21 

1 19 

1 16 

1 14 

1 11 

1 09 

1 07 

1 05 

1 03 

1 

01 


99 

98 


90 

48 

50 

1 

15 

1 13 

1 10 

1 08 

1 06 

1 04 

1 02 

1 00 

98 


97 


95 

94 


92 

50 

55 

1 

00 

98 

96 

94 

92 

91 

89 

88 

86 


85 


84 

82 


81 

55 

60 







76 

75 

74 

73 


72 


71 

70 


69 

(t0 

05 














58 

57 


57 

(>5 
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Table 5 — Latitude J row cvtcummei idian altitudes oj the t>un — Continued 



88183°— 30 9 



124 


DIRECTIONS FOR MAGNETIC MEASUREMENTS 


Table 6 — Torsion factor ( oscillations ) 


[Values of [log 6400-log (540G-A)] are given m units of the fifth decimal place, h is expressed m minutes of arc] 


h 


01 

02 

03 

04 

05 

06 


08 

09 

0 

0 

1 

2 

2 

3 

4 

5 

6 

6 

7 

1 _ _ 

8 

9 

10 

10 

11 

12 

13 

14 

14 

15 

2 _ _ 

16 

17 

18 

18 

19 

20 

21 

22 

23 

23 


24 

26 

26 

27 

27 

28 

29 

30 

31 

31 

4 . ” -i i” 

32 

33 

34 

36 

35 

36 

37 

38 

39 

39 

- 

40 

41 

42 

43 

43 

44 

45 

46 

47 

47 

6 . I I III 

48 

49 

60 

51 

51 

52 

63 ! 

54 

55 

55 

7 

66 

57 

68 

59 

59 

60 

61 

62 

63 

63 

8 

64 

66 

66 

67 

68 

68 

69 

70 

71 

72 

0 . . 

72 

73 

74 

75 

76 

76 

77 

78 

79 

80 


Table 7 — Correction for lack of balance of dip needle 

[dr is the diilerence between the two values of dip from observations before and after reversal of polarities 
The correction is always such as to increase the numerical value of the dip] 
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[ 1 plus sign indie ites that east declination is 


Table 8 — Diurnal vai lation of dccli nation 

greater or west declin ition is less than the mean lor the <la\] 


Hour L M T 


9 

10 
11 
12 

11 

14 

15 
lb 
17 
IS 
10 
20 
21 
22 


Jan , Feb , Nov , Dec 


Sitkl 

Chelt 

Tuc 

Hon 

r 

/ 

/ 

/ 

-0 2 

-0 2 

-0 2 

-0 2 

-0 1 

-0 3 

-0 2 

-0 1 

40 l 

-0 1 

-0 2 

-0 1 

40 2 

40 1 

-0 1 

0 0 

i-ft 4 

40 3 

0 0 

40 1 

| 0 6 

40 b 

4-0 2 

40 l 

41 1 

41 1 

HO 9 

0 0 

41 7 

42 0 

41 8 

40 9 

41 9 

42 7 

42 3 

41 0 

41 5 

42 1 

+1 * 

41 7 

40 6 

40 2 

40 3 

40 6 

-0 3 

-1 7 

j -1 3 

—0 6 

-1 0 

-2 7 

-2 0 

-1 3 

—1 5 

-2 6 1 

-2 0 

-1 6 

-1 6 

-2 0 

-1 4 

-1 3 

-l 4 

-1 2 

-0 8 

-0 7 

—1 1 

-0 5 

—0 > 

0 0 

-0 6 

-0 1 

40 1 

40 2 

-0 2 

40 3 

40 3 

40 2 

0 0 

H 0 5 

40 3 

40 2 

-0 1 

HOG 

40 3 

40 2 

-0 1 

40 5 

40 2 

40 1 

-0 1 

40 3 

0 0 

0 0 

0 0 

40 1 

~ 01 

-0 1 


fcitki, \Hskt, 1001-1914 
(Cheltenham, Md , 1904-1911 
'I ui son Anz , 1910-1920 
Honolulu, Hawaii, 1904-1914 


Mar 

Apr , 

Sept , Oct 

M iy, 

Sltkl 

Phelt 

Tuc 

Hon 

Sitka 1 C 

/ 

-0 2 

/ 

40 1 

/ 

0 0 

-0 2 

/ 

-0 9 

-0 2 

40 > 

40 2 

-0 1 

—0 7 

40 1 

40 5 

40 2 

40 1 

—0 4 

-j-0 4 

40 8 

40 4 

40 2 

40 9 

41 0 

41 1 

40 7 

4*0 1 

42 b 

42 1 

42 0 

41 0 

40 9 

44 5 

43 4 

43 3 

43 1 

42 1 

4b 1 

41 6 

41 1 

43 8 

43 1 

47 1 

44 6 

4*> 7 

43 0 

42 7 

4b 7 

43 4 

41 8 

41 0 

41 3 

41 7 

41 5 

-0 9 

-1 1 

-0 1 1 

4i 2 

l0 6 

-3 2 1 

-2 5 

-1 7 

—1 b 

-2 2 

-4 3 

-3 0 

-2 2 I 

-3 0 

— i 0 

-4 1 

-2 7 

-1 9 

— i 8 

—3 2 

— > 0 

-1 9 

-1 1 1 

— 5 3 

-3 0 

-1 7 

-1 1 

—0 b 

— 1 b 

—2 5 

-0 7 

-0 7 

-0 5 

-3 7 

-1 9 

-0 1 

-0 l 

-0 1 

—2 3 

—1 3 

-0 2 

-0 3 

-0 2 

-J 2 

—0 9 

0 0 

-0 2 

-0 2 

-0 b 

-0 b 

40 2 

-0 1 

-0 2 

-0 8 

-0 7 

40 2 

0 0 

-0 2 

-0 9 

-0 5 

40 2 

0 0 

-0 2 

—0 s 

-0 4 

40 2 

0 0 

-0 2 

— 0 9 


Tug 


4-0 b 
4-1 8 
4-3 1 
+4 9 
4-5 2 
+ 1 0 
+1 0 
-2 0 
-4 1 

— 5 0 
-1 7 
-1 5 
-2 1 
-0 7 
0 0 

0 0 
-0 1 
0 0 
0 0 
+0 1 
4-0 1 


Hon 


0 0 
+0 1 
4*0 > 
+0 7 
4-1 1 
-1-2 7 

+ 1 2 | 
+1 5 
4-1 1 
4-0 5 
-1 S 
-3 1 

-3 4 
-3 1 
-2 1 
-1 3 
-0 0 
-0 3 

-0 4 
-0 3 
-0 1 
-0 2 
-0 1 
-0 1 


-0 1 
0 0 
1-0 2 
+0 4 
+0 7 
4-1 9 

4* r » 
+ 1 » 
+2 1 
+0 4 
-1 1 
-2 3 

-2 r > 
-2 1 
-1 1 
-0 S 
-0 5 
-0 1 

-0 3 

-o i 
-o t 
-0 2 
-0 2 
-0 2 


Moan declination 10 II 8 F 
Mo m declmition 5 lb 1 W 
Mem dcclmition. 11 1021 

Mem declination. 9 2S b b 


Table 9 — Diurnal variation of dip 


Hour I M l 


7 

8 
<1 
10 

11 

12 

13 

U 

15 

lb 

17 

IS 

19 

20 
21 
22 

23 

24 


'1 

1 in 

V eh , lso\ , Du j 

1 

Silk 1 

L hell 

r J U( 

lion 


/ 

t 

/ 

/ 


0 0 

-0 1 

40 1 

40 5 


-0 1 

-0 1 

0 0 

40 5 


-0 2 

-0 2 

0 0 

40 4 


-0 2 

-0 2 

-0 1 

40 4 


-0 2 

-0 3 

-0 2 

40 3 



-0 2 

-0 3 

-0 2 

40 2 


-0 2 

-0 2 

-0 2 

0 0 


-0 2 

-0 1 

-0 2 

0 0 


0 0 

40 2 

-0 1 

0 0 


40 2 1 

40 b 

40 2 

-0 1 


40 4 

40 9 

40 > 

-j ( ; 


40 6 

40 9 

40 3 

-1 1 1 


HO 6 

40 f> 

40 2 

-1 2 


40 5 

40 3 

0 0 

-1 0 


40 3 

0 0 

-0 1 

-0 7 


0 0 

-0 2 

-0 1 

-0 2 


-0 2 

-0 3 

-0 1 

40 2 

_ __ 

-0 2 

-0 3 

-0 1 

40 3 


-0 2 

-0 2 

-0 1 

40 1 


-0 2 

-0 2 

0 0 

40 1 


-0 2 

-0 2 

0 0 

40 5 


-0 1 

-0 2 

40 1 

40 5 


-0 1 

-0 2 

40 1 

40 5 


-0 1 

-0 2 

40 1 

40 5 


M u , \pi , S( pi Oil 
sill i I ( hell I 1 ui | lion 


-0 5 
-0 5 
-0 4 
0 1 
0 2 
4*0 2 
-l-o 0 

4 0 9 
410 
41 0 
40 8 
|-() 5 
40 2 
0 0 
-0 2 

-0 2 
-0 2 
-0 2 
-0 1 
-0 1 
-0 1 


-0 2 
-0 1 
-0 3 
-0 1 
-0 1 
-0 3 

0 0 

40 r » 

41 0 
41 2 
41 1 
40 8 

40 2 
0 0 
-0 3 
-0 4 
-0 3 
-0 3 

-0 8 
-0 1 
-0 1 
-0 1 
-0 1 
-0 1 


0 0 
-0 1 
-0 1 
-0 2 
-0 2 
-0 1 

40 2 
40 l 
40 3 
40 2 
0 0 
-0 1 

-0 1 
-0 1 
-0 1 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 


-| 0 5 
40 r > 
40 1 
40 4 
40 1 
H 5 
1-0 7 
H) S 
40 1 
-0 1 
-1 2 
-1 b 

-1 5 
-1 2 
-0 7 
-0 1 
0 0 
40 2 
40 3 
40 1 
HO l 
4 0 1 
4 0 4 


M i v, June, Jul\, Ui| 



- 

- -- 





Sill 1 

1 licit 

r I lit 

Hon 


r 

r 

/ 

, 


_ 

0 1 

-0 1 

0 0 

40 4 

_ 

0 t 

-0 1 

0 0 

HO t 

_ 

0 4 

-0 J 

0 0 

HO t 

_ 

0 5 

0 0 

0 0 

40 1 

_ 

0 b 

-0 1 

0 0 

40 J 

- 

0 b 

-0 1 

0 0 

40 b 

- 

-0 5 

10 2 

40 2 

HO 7 

_ 

-0 3 

40 7 

40 1 

HO 3 


0 l 

1-1 2 

40 1 

— 

0 3 

H 

0 7 

4 1 2 

-0 3 

— 

0 9 

H 

1 0 

H 0 3 

-0 4 

— 

1 3 

| H 

1 1 

HO 2 

-0 5 


1 3 

1 H 

hi 0 

-0 3 

-0 5 

- 

H 2 

. 

0 8 

-0 b 

-0 5 

- 

-0 

J 

0 5 

-0 7 

-0 1 

- 

-0 l 

_ 

-0 1 

-0 0 

10 > 

- 

-0 l 


-0 1 

-0 3 

40 1 

* 

0 2 


-0 2 

-0 2 

40 3 

H 

-0 3 


-0 2 

-0 1 

40 2 

- 

-0 4 


-0 2 

-0 2 

40 I 


-0 1 


-0 2 

-0 2 

HO 1 


0 1 


-0 2 

-0 2 

40 L 

_ 

0 4 


-0 3 

-0 2 

0 0 

- 

0 3 


-0 t 

-0 2 

HO 1 


0 3 


Sitka, Miska, 1905-1914 
Cheltenli un, Md , 1901-1914 . 
Tucson, Ari/ , 1910-1920 
Honolulu, Haw ui, 1905-191 1 


Me in dip— 74 35 0 
Mo m dip— 70 33 2 
Mein dip— 59 23 9 
Motndjp— o9 lo‘l 
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DIRECTIONS FOR MAGNETIC MEASUREMENTS 


Table 10 — Diurnal variation of horizontal intensity 
[A plus sign Indicates a value greater than the mean for the day] 



feitki, Alaska, 1904-1914 . - . . Mean II.. 16664 

f Cheltenham, Md , 1904-1914 . _ _ . Mean II. 19844 

! Tucson, Aiiz , 1910-1020 - - - .. Mean //_. 27136 

1 Honolulu, Hawaii, 1904-1914 - - Mean 11 .. 20138 


TU3LE 11 — Diurnal variation of vertical intensity 
[ V plus sign indicates a v due greater than the mean for the daj] 
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Table 12 — Multiples of sines of angles used m the analysis of compass deviations 


1 

2 
4 
4 


6 

7 - 

8 . 

9 - 

10 

U 

12 _ 

14 _ 

11 _ 

Lo 

16 

17 

18- _ 

19 _ - 

20 


21 

22 

24 

24 - 

25 

26-- - 

27 - - 

28 
29 
90 

*1 

42 

44 

44 

46 

<46 

i l 

48 

0 

40 

41 

42 
4> 

44 


46 

47_ 

48 

19 

50 


5° 

22 5° 

0 26 

0 38 

0 52 

0 77 

0 78 

1 15 

1 04 

1 53 

1 29 

1 91 

1 5> 

2 30 

1 81 

2 08 

2 07 

4 00 

2 33 

3 44 

2 59 

3 83 

2 85 

4 21 

3 11 

4 59 

3 36 

1 97 

3 62 

5 46 

3 88 

5 74 

4 14 

6 12 

4 40 

6 51 

4 66 

G 89 

1 92 

7 27 

5 18 

7 65 

j 41 

8 01 

5 69 

8 42 

5 95 

8 80 

6 21 

9 18 

6 17 

9 67 

6 73 

9 95 

6 99 

10 34 

7 25 

10 72 

7 51 

11 10 

7 70 

11 48 

8 02 

11 80 

8 28 

12 25 

8 51 

12 63 

8 SO 

14 01 

9 00 

13 49 

9 42 

1^ 78 

9 58 

11 16 

9 84 

1 1 5' 

10 09 

11 62 

10 ,5 

15 41 

10 61 

15 69 

10 S7 

16 07 

11 14 

16 46 

11 39 

16 84 

11 05 

17 22 

11 90 

17 60 

12 16 

17 99 

12 42 

18 47 

12 68 

18 75 

12 94 

19 14 


40° 

15° 

60° 

67 5° 

0 50 

0 71 

0 87 

0 92 

1 00 

1 41 

1 74 

1 85 

1 d0 

2 12 

2 60 

2 77 

2 00 

2 83 

3 47 

4 70 

2 50 

3 54 

4 33 

4 62 

3 00 

4 24 

5 20 

5 54 

3 50 

4 95 

6 07 

6 47 

4 00 

5 06 

6 93 

7 39 

4 50 

6 36 

7 79 

8 31 

5 00 

7 07 

8 66 

9 24 

5 50 

7 78 

9 53 

10 16 

0 00 

8 49 

10 39 

11 09 

0 50 

9 19 

11 26 

12 01 

7 00 

9 90 

12 13 

12 93 

7 50 

10 61 

12 99 

13 86 

8 00 

11 31 

13 86 

14 78 

8 50 

12 02 

11 74 

15 71 

9 00 

12 73 

15 59 

16 63 

9 50 

li 41 

16 45 

17 55 

10 00 

11 11 

17 32 

18 43 

10 50 

14 S5 

18 19 

19 10 

11 00 

15 56 

19 05 

20 43 

11 >0 

16 26 

19 92 

21 25 

12 00 

16 97 

20 79 

22 17 

12 50 

17 68 

21 65 

23 10 

14 00 

18 38 

22 52 

24 02 

14 50 

19 09 

24 39 

24 94 

14 00 

19 80 

21 25 

25 87 

11 50 

20 51 

25 11 

26 79 

15 00 

21 21 

25 98 

27 72 

15 50 

21 92 

26 35 

28 61 

16 00 

22 63 

27 71 

29 56 

16 50 

2> 34 

2S 5S 

40 49 

17 00 

21 01 

29 45 

41 11 

17 50 

21 75 

40 >1 

42 44 

IS 00 

25 16 

31 IS 

34 26 

is 50 

26 16 

42 01 

41 18 

19 00 

26 87 

42 91 

j5 11 

19 50 

27 53 

44 7S 

36 03 

it) 00 

2S 28 

41 64 

46 96 

20 50 

28 99 

45 51 

37 8S 

21 00 

29 70 

36 47 

38 80 

21 50 

30 41 

37 24 

39 74 

22 00 

31 11 

38 11 

40 65 

22 50 

41 82 

38 97 

41 57 

23 00 

42 53 

49 84 

42 50 

24 50 

34 24 

10 70 

14 12 

21 00 

4 4 91 

11 57 

44 45 

21 50 

44 65 

12 11 

15 27 

25 00 

45 46 

1 4 4 30 

16 19 


7 V s 


0 97 

1 92 

2 90 

3 87 
1 84 


5 80 

6 77 

7 74 

8 60 

9 06 

10 03 

11 59 

12 50 

13 54 

14 49 

15 46 
10 13 

17 39 

18 45 

19 32 

20 29 

21 25 

22 22 

23 19 

24 15 

25 12 

26 09 

27 0a 

28 01 
28 93 


29 95 

40 91 

41 88 

42 84 

44 bi 

34 77 

45 74 

36 71 

37 67 

38 61 


49 60 

40 57 

41 54 
12 50 
44 17 


41 14 

15 40 

16 46 

17 44 
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Table 12 — Multiples of sines of angles u^ed %n the analysts of compass deviations 

Continued 
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T vble 13 — Conversion tables foi lengths 


fc(0t = 
Mclcrs= 

Mctcis 

Ful 

Foct = 
Motors = 

Meters 

Feet 

Inches = 
Mm = 

Aim 

Inches 

1 

2 

3 

4 

5 

0 305 

0 610 

0 914 

1 219 

1 524 

3 281 

6 5o2 

9 842 

13 123 

1G 404 

51 

52 

53 

54 

55 

15 515 

15 S50 

16 154 

16 459 

16 764 

167 323 

170 003 

173 884 

177 165 

180 446 

1 

2 

4 

4 

0 

25 40 

50 80 

7b 20 

101 60 

127 00 

0 039 

0 079 

0 118 

0 157 

0 197 

6 

7 

8 
o 

1 829 

2 m 

2 438 

2 713 

19 035 

22 900 

20 247 

29 528 

56 

57 

58 

59 

17 069 

17 374 

17 678 

17 983 

183 727 

187 008 

190 288 

193 5G9 

6 

7 

8 

9 

152 40 

177 80 

203 20 

228 60 | 

0 246 

0 276 

0 415 

0 354 

10 

3 018 

32 808 

60 

18 288 

196 850 

10 

25 1 00 

0 394 

11 

3 353 

36 089 

61 

18 593 

200 131 




12 

3 658 

39 370 

62 

18 898 

203 412 

Milts = 

Km 


13 

3 962 

42 651 

63 

19 202 

206 693 

Km = 


Miles 

14 

4 267 

45 932 

64 

19 507 

209 973 



15 

4 572 

49 212 

65 

19 812 





16 

17 

18 

1 877 

5 18° 

5 180 

52 493 

55 774 

59 055 

66 

67 

68 

20 117 

20 122 

20 726 

216 535 
219 816 
223 097 

1 

2 

4 

1 61 

3 22 

1 83 
<i 14 

0 621 

1 243 

1 864 

2 485 

19 

20 

5 791 
(j 09i» 

62 346 

65 617 

(.9 

70 

21 031 

21 336 

220 3i8 
229 (.58 

F, 

8 05 

4 107 

21 

22 

6 KH 

6 700 

68 S98 

72 178 

71 

72 

21 611 

21 916 

232 939 
230 220 

6 

7 

9 66 

11 27 

3 728 

4 350 

4 971 

23 

24 

2 r > 

7 010 | 

7 315 

7 620 

75 459 

78 740 

82 021 

73 

74 

75 

22 250 

22 555 

22 860 

239 501 
242 782 
216 003 

9 

10 

14 48 

16 09 

5 592 
| 6 214 

26 

7 925 

85 302 

76 

23 165 

249 343 




27 

8 230 

88 582 

77 

23 470 

252 624 




28 

8 534 

91 803 

78 

23 774 

255 905 




29 

8 839 

95 144 

79 

24 079 

250 186 




SO 

9 144 

98 425 

SO 

24 484 

262 467 




31 

9 449 

101 700 

81 

21 089 

265 718 




32 

9 754 

104 987 

32 

24 994 

269 028 




33 

10 058 

LOS 208 

83 

25 298 

272 409 




34 

10 303 

111 5tS 

84 

25 003 

275 5‘ 0 




35 

10 608 

114 829 

85 

25 908 

278 871 




36 

10 974 

118 110 

% 

20 21 4 

282 152 




37 

11 27S 

121 391 

87 

20 51 S 

235 144 




38 

11 5S2 

121 (.72 

83 

20 S22 

28S 714 




39 

11 887 

127 <r» 

89 

27 127 

291 991 




40 

12 192 

131 244 

90 

27 4 42 

295 275 




41 

12 497 

134 614 

01 

27 737 

293 550 




42 

12 802 

137 795 

92 

28 042 

301 847 




14 

13 10m 

141 076 

93 

28 346 

405 118 




44 

13 111 

114 357 

94 

28 651 

308 398 




45 

14 710 

117 (33 

95 

28 056 

311 679 




46 

14 021 

150 918 

96 

29 261 

314 960 




47 

14 420 

154 199 

97 

29 566 

418 241 




48 

14 640 

157 480 

98 

29 870 

321 522 




49 

14 935 

160 761 

99 

30 175 

421 804 




50 

15 240 

164 012 

100 

30 180 

428 084 

J 




o 


